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Intercropping is the practice of growing two or more crops in close proximity 
(Andrews and Kassam, 1976). Although terminology differs throughout the literature, with 
terms such as ‘mixed cropping’ or ‘mixtures’ being used, this study will refer to the 
cultivation practice as intercropping. The cultivation of a single crop species is also referred 
to as a ‘sole crop’, which is sometimes referred to as ‘pure’ in some studies (Vandermeer, 
1992). Intercropping is a prominent practice in low-input agricultural systems, and has been 
used for centuries throughout the world up until the 20th century with the on-set of 
agricultural intensification (Borlung, 2000; Geno and Geno, 2001). The increased use of 
mechanised practices, such as harvesting and the application of fertilisers increased the 
efficiency of sole crop production (Lithourgidis et al., 2011). However, such cropping 
strategies have not been enjoyed without negative consequences on environmental health, 
which has encouraged an increase in the interest of more sustainable systems where under 
certain circumstances external resources are not available or are restricted (Tscharntke et 
al., 2012). While consumer preferences, agricultural and trade policies need to be in favour 
of multispecies systems for them to prosper, agricultural research has made continuous 
efforts to understand the mechanisms behind them (Keating and Carberry, 1993; Morris and 
Garrity, 1997; Tusbo et al., 2005; Nelson et al., 2018).  
The major advantages of intercropping cited are the increment in higher production 
per unit land without additional input (such as mineral fertiliser) and increased buffering 
against stresses and plant production difficulties (Altieri, 1999; Malezieux et al., 2009). 
Rusinamhodzi et al. (2012) reported more than three times the financial gain when 
intercropping maize and pigeon pea compared to sole maize in smallholder systems in 
Mozambique. A main disadvantage however is the product not being ‘pure’ but mixed, 
which can have a lower marketability in some places. Mixed crop management also presents 
challenges for the current mechanised systems, i.e. separating products, which either 
requires increased labour or special machinery.  
Intercropping is traditionally used in low-input smallholder systems because of poor 
plant population, where farmers hope to capitalise on niches, i.e. the space left between the 
initial plantings. This is known as additive intercropping, where the space between crop 
rows is filled with an intercrop (Hauggaard-Nielsen et al., 2006; Snaydon, 1991). Another 
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common system sees alternate rows of, for example, a sole cereal stand, replaced by 
companion crop rows (usually a legume), known as replacement intercropping, as seen in 
Nelson et al. (2018). Intercrop systems not only consist of row-based structures, but are also 
cultivated as strips, whereby multiple rows, of for example a cereal, are followed by multiple 
rows of a companion crop (Li et al., 2006). Sun et al. (2018) also present successful 
intercropping of the forage legume alfalfa with maize, highlighting the fact that systems 
(grassland and arable in this case) can also be mixed. This study focuses on arable, single 
row cereal-legume intercrop cultivation.  
The use of leguminous plant species as part of any intercrop system can be beneficial 
for low-input systems, due to the ability of legumes to fix nitrogen (Jensen, 1996; Xiao et 
al., 2004). The mechanisms behind positive mixing effects are strongly hypothesised. The 
symbiosis with rhizobia is of particular interest, as cereal-legume intercropping is seen to 
be especially promising (Li et al., 2006; Xiao et al., 2004; Senbayram et al., 2008; Blum, 
2009). Hauggaard-Nielsen and Andersen (2000) and Li et al. (2006) explain how differences 
in timing between component crops, spatial pattern and the acquisition and use of light, 
water and nutrients leads to improved resource use efficiency through crop mixtures. 
Scientific evidence and arguments that promote intercropping systems focus on numerous 
factors, such as increasing input costs, a decrease in the availability of energy, nitrogen, 
phosphorous, and agrochemicals that can be connected with climate variability and 
environmental damage (Newton et al., 2009; Randers, 2012; Tilman et al., 2002). The 
resource use efficiency of intercrop systems does not solely refer to nutrients, but 
encapsulates factors such as water use, and space, be that above- (light) or below-ground 
(root) (Keating and Carberry, 1993; Morris and Garrity, 1993; Chimonyo et al., 2016a; Streit 
et al., 2018). In low-input systems in particular, intercropping is also said to better defend 
stands against weeds, plant pathogens and pests, due to canopy coverage and the benefits 
associated with increased biodiversity (Altieri, 1995; Finckh, 2008; Gronle and Boehm, 
2012). 
A major challenge for agricultural production in the coming decades is to increase 
productivity from existing production sites. To do so, resources such as light, water, 
nutrients and labour need to work as efficiently as possible to realise eco-efficient and 
resilient crop production systems (Keating et al., 2010). In a recent review on the 
acceleration of genetic gains in legumes, Varshney et al. (2018) stress the importance of 
precision when designing plant breeding programmes, and highlight the importance of 
approaching agricultural challenges from a systems perspective. The development of 
successful intercrop systems is therefore likely to be achieved via a similar method, looking 
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at specific conditions and certain crop combinations, planting diverse crop mixtures of 
various types with varying attributes (Malézieux et al., 2009). Indeed, Li et al. (2006) 
highlight the importance of crop combinations for intercropping, as some can be more 
beneficial than others.  
The yield advantage gained via intercropping is referred to as the ‘mixing effect’ 
(Hof and Rauber, 2003) with land equivalent ratios (LER) higher than one indicating 
superiority of inter- over sole cropping (Willey, 1979; cf. Pretzch and Schuetze, 2009). Land 
equivalent ratios were reported to be higher than one in 60% of 344 surveyed cases by Hof 
and Rauber (2003). Similarly, Paulsen and Schochow (2007) found LER to be higher than 
one for 50 of 76 arable land mixtures. On average, mixing effects seem to be positive, with 
a large variation between cases. This opens up options to exploit favourable interactions 
between specific component crops (Lithourgidis et al., 2011; Kremen and Miles, 2012). 
With the above-mentioned examples in mind, while intercropping interactions proved 
favourable in general, there are clearly some scenarios that do not result in higher overall 
yields. Hence, intercropping is not always seen as a convincing option for farmers. 
Processes determining intercropping performance need to be far better understood before it 
is seen as a conceivable option. An improved understanding would allow for the selection 
of specific crop combinations, at a genotype level, along with densities and other 
management options. Intercropping is a highly sophisticated system and has the potential, 
with an advanced understanding, to be managed with precision, like many modern 
monoculture systems. While field experiments can be financially demanding, they are 
crucial if we are to make advancements. Linking crop simulation models (CSM) and field 
experiments presents itself as an effective method of dealing with the overwhelming variety 
of intercropping combinations to be tested, and could help guide field-based research 
(Reynolds et al., 2018; Rötter et al., 2018b). 
 
1.2 Processed based crop modelling 
While a range of process based crop models exists (Table 1), the Agricultural 
Production Systems Simulator (APSIM) is widely used has been chosen for this study. The 
model was and continues to be developed by the Australian Production Systems Research 
Unit (APSRU), which is a collaborative group made up of CSIRO and Queensland State 
Government agencies, having started in 1991. While different models vary in terms of the 
description of certain processes, they simulate plant growth, which is divided by the various 
organs, such as stem, leaves, and roots on a daily basis. The development of plants is divided 
into growth stages, such as emergence, juvenile, flowering, grain filling, and maturity. A 
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water balance and a nitrogen module enables APSIM (among other models) to assess such 
limitations. Crop modules for APSIM, for example cowpea (Robertson et al., 2002), have 
been tested against field observations, which are documented, and can be found within the 
model and online (Table 1). Limitations of APSIM include stresses from nutrients other 
than nitrogen, as well as pests and diseases, although considerable efforts on the latter have 
been initiated (Savary et al., 2018).  
The APSIM model consists of a modular framework and is therefore suitable for a 
range of purposes, such as climate change assessments (Asseng et al., 2014), and ideotyping 
for plant breeding programmes (Rötter et al., 2015; He et al., 2018). The modular nature of 
models like APSIM enables knowledge from various disciplines to be brought together and 
integrated (Mao et al., 2015). This was a particularly important part of this study in terms 
of the experiments conducted in Germany as part of the IMPAC3 project, which will be 
discussed in more detail later. The APSIM model is particularly popular, in part, due to its 
user friendly interface. Simple simulation experiments can be conducted without the need 
for computer engineering skills and its use is often combined with field-based 
experimentation. The extent of model development has mainly explored monoculture 
cereals, such as wheat, barley, maize, and rice, due to, but not exclusively, economic 
importance, and data being more readily availabile compared to that of other systems.  
Sustainable intensification strategies often promote the use of legumes (Franke et al. 
2018; van Loon, et al., 2018), as well as multispecies systems under various scenarios 
(Altieri, 2004; Masvaya et al., 2017). Consequently, modelling communities have started 
looking into the integration of legumes in current systems, exploring niches (Sennhenn et 
al., 2017), and highlighting yield gaps and potential improvement strategies (Hajjarpoor et 
al., 2018). While research on sole legume systems is well-established, intercropping is 
becoming increasingly important, in line with global sustainability agendas and movements 
(Mao et al., 2015; Chimonyo et al., 2016b). Studies that combine modelling and 
intercropping are however rare (Carberry et al., 1996), highlighting the unique scientific 
contribution offered by this thesis. With legume demand increasing to compliment cereal 
production (Varshney et al., 2018), intercropping presents itself as an obvious opportunity 
to exploit and play a key role in global legume integration programmes.  
The availability and competition for resources plays a major role in determining the 
circumstances under which optimal efficiencies are achieved (Sennhenn et al., 2017), 
especially in multispecies systems. Such traits are however often difficult to measure in the 
field alone, and so crop modelling has become a useful tool with which to understand the 
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interactions between environment, phenotype and genotype in cropping systems (Hammer 
et al., 2010).  
 
Table 1:  Common process based crop models. 
Full name Abbreviation Reference Link 
Agricultural Production  
Systems sIMulator 




pour les Cultures Standard 
STICS Brisson et al., 
2003 
www.paca.inra.fr   
Decision Support System for 
Agrotechnology Transfer 
DSSAT Jones et al., 2003 www.dssat.net  
CropSyst CropSyst Stöckle, Donatelli 
and Nelson, 2003 
www.sites.bsyse. 
wsu.edu/CS_Suite_4  
World Food Studies WOFOST de Wit et al., 2019 www.wofost.wur.nl  
  
 
1.3 Field experimentation and model improvement 
Crop modelling can play an important role in the development of food production 
systems (Reynolds et al., 2018), but the inclusion of field experimentation must be a key 
part of this process (Rötter et al., 2018b). Crop modelling has achieved great merits over the 
past decade in particular through joint international efforts such as the Agricultural Model 
Intercomparison and Improvement Project (AgMIP: Rosenzweig et al., 2013) and 
Modelling European Agriculture with Climate Change for food Security (MACSUR: 
Hoffmann et al., 2018; Rötter et al., 2018b). These projects linked climate, crop, and 
economic modelling communities to collaborate on food security and sustainability based 
projections. Output examples include yield gap assessments (Hoffmann et al., 2018) and the 
use of multi-model ensembles (MME), which are reported to offer more robust information 
than single models (Asseng et al., 2014; Rodrigues et al., 2019; Rötter et al., 2012b). As a 
recent example of legume based crop model research, Hajjarpoor et al. (2018) reported that 
Indian chickpea production has the potential to produce 40% more than currently achieved 
under standard management practices, highlighting the way in which modelling 
experiments can guide and shape future research. While a large amount of modelling work 
has been done since 2010, mainly looking at drought and heat stress, future modelling 
research looks to focus on the use of empirical evidence to improve CSMs, as well as the 
development of more holistic, integrated approaches that combine several tools to help 
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deliver genetic gains (Varshney et al., 2018). Whitbread et al. (2017) showed that field-
measured soil water was indeed better suited to parameterise the APSIM crop model than 
common laboratory methods, emphasising the importance of field-derived data. The 
connection between targeted field experimentation and CSMs orientates itself around 
specific and well-designed experiments on certain crop impacts of given scenarios, such as 
drought for instance, as well as broadening the range of crops researched (Rötter et al., 
2018a). Crop simulation models can be used to guide field trials, which in turn, give 
feedback to the models and the specific questions posed. The need for more robust food 
production systems in the face of climate variation (Trnka, et al., 2014) calls for improved 
agricultural management and the development of suitable genetic material (Rötter et al., 
2015); two aspects of crop production and CSM improvement that this thesis investigates.  
 
1.4 Objectives and summary 
Within the above-described topics, this PhD thesis has the following objectives: 
 
i. Develop our understanding of GxExM interactions of intercrop systems 
through looking at detailed data sets comprised of grain yield and biomass 
harvests as well as plant physiological traits. 
ii. Evaluate model accuracy and identify knowledge gaps that specify areas of 
APSIM that need improvement. 
iii. Discuss the interrelation between using field experimentation to improve 
CSMs, and CSMs for the identification, definition, and development of field 
trial design, as well as questions surrounding agricultural systems. 
 
To address these objectives two cereal-legume intercropping trials were conducted, 
one in semi-arid India, and the other in Germany under temperate conditions. The crop 
cultivars used suited the climate in question, i.e. pearl millet and cowpea in India, and wheat 
and faba bean in Germany. The synergy between the trials was based on the experimentation 
with sole and intercrop systems, assessing the impacts of traits on both systems, as well as 
some additional management-based variations. Experimental set-up differed between the 
Indian and German trials to add a more defined focus to each site. The trial in India was 
conducted in the off-season and exposed to high temperatures and little to no precipitation. 
This trial was irrigated with three different treatments, as well as using two different sowing 
densities. Only one genotype for each crop was used in this trial, which spanned two years, 
being sown around the beginning of February and harvested three to four months later 
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(around May). The German trial took place under rain-fed conditions over three years, 
covering two different sites in central Germany, and included the use of eight bean 
genotypes and three wheat varieties. Both of these crops were winter crops, sown around 
October and harvested in August the following year. This experiment investigated the 
interactions between the various genetic combinations, assessing which bean and wheat 
traits are responsible and more preferable for intercropping and why. In both experiments, 
intercrop stands were sown simultaneously. Once the field trial data sets had been analysed, 
the data was used as input for the CSM APSIM. 
 
1.5 Structure of PhD thesis 
This thesis is divided into five chapters. The first, introduces the scientific 
motivation and background of the overall research objectives. Chapter two, three, and four 
consist of a collection of research results written in the form of journal articles, of which 
chapter two is published. Chapters three and four have been submitted and are under review 
by peer reviewed journals. The final chapter, chapter five, briefly brings the conclusions of 
the previous chapters together and discusses the overall research objectives. 
 
i. Chapter two, published in Field Crops Research as: 
Nelson, W.C.D., Hoffmann, M.P., Vadez, V., Rötter, R.P., Whitbread, A.M., 2018. 
Testing pearl millet and cowpea intercropping systems under high 
temperatures. F. Crop. Res. 217, 150–166. doi: 10.1016/j.fcr.2017.12.014. 
ii. Chapter three, submitted and under review as: 
Nelson, W.C.D., Hoffmann, M.P., Vadez, V., Rötter, R.P., Koch, M., Whitbread, 
A.M. (under review). Crop model based exploration of the mechanisms 
underlying pearl millet-cowpea intercropping performance. Understanding the 
mechanisms underlying pearl millet-cowpea intercropping performance: what 
can crop modelling teach us? 
iii. Chapter four, submitted and under review as:  
W.C.D. Nelson & D.J. Siebrecht-schöll, M.P. Hoffmann, R.P. Rötter, A.M. 
Whitbread, W. Link (under review). What determines a productive winter bean-
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Testing pearl millet and cowpea intercropping systems under high temperatures1 
 
2.1 Introduction 
Intercropping is an important crop production strategy for smallholder farmers, as it 
can lead to productivity improvements per unit of land when compared with those of sole 
cropping systems (Vandermeer, 1989). For instance, Rusinamhodzi et al. (2012) presented 
an example of this where intercropping maize with pigeonpea led to more than a threefold 
increase in financial return compared with sole maize on smallholder farms in Mozambique. 
Explanations for the benefits of intercrop systems are typically related to at least one of the 
following three factors (Brooker et al., 2015): First, complementary use of resource niches, 
especially in terms of the different rooting behaviour of crops. As an example, intercropping 
has been found to enhance root-length density in subsoil (Schröder and Köpke, 2012). 
Secondly, the combination of different crops can result in better system protection against 
pests and diseases. A classic example is the widely promoted ‘push-pull’ system in eastern 
Africa (Cook et al., 2007). Thirdly, intercropping leads to the development of a more 
complex canopy structure that can help to generate a more favourable micro-climate, which 
could potentially reduce soil moisture evaporation (Harris et al., 1987; Tsubo et al., 2004). 
Harris et al. (1987) presented an interesting example for this third factor based on 
sorghum/groundnut intercropping experiments conducted on the ICRISAT Research 
Station, Patancheru, India. Increases in groundnut pod weight per plant were found in 
intercropped stands, especially under drought conditions, which were to some extent due to 
shading and cooling effects of sorghum on groundnut.  
Recent studies have highlighted areas of India that have become increasingly 
drought-prone, leading to a decline in cereal production (Nath et al., 2017). Intercropping 
could therefore be an interesting option for farming in dryland areas with large variability 
in precipitation, resulting in potentially high climate-induced risk. Observations show and 
climate models project a higher frequency of extreme weather events, such as heat waves, 
droughts, or heavy rains, causing reductions in crop yields and putting food security under 
further strain (Coumou and Rahmstorf, 2012; Rummukainen, 2012). 
Climate models project that large areas of the sub-tropics, including the Indian 
subcontinent in particular, will experience drying through precipitation decline (Chadwick, 
                                               
1 This chapter has been published as Nelson, W.C.D., Hoffmann, M.P., Vadez, V., Rötter, R.P., Whitbread, A.M., 2018. 
Testing pearl millet and cowpea intercropping systems under high temperatures. F. Crop. Res. 217, 150–166.p. Res. 217, 
150–166. doi: 10.1016/j.fcr.2017.12.014. 
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2016; He and Soden, 2016), highlighting the need for robust, climate smart crop production 
strategies.  
Experimentation under controlled conditions, such as in climate chambers and 
greenhouses, could offer valuable insights into stress physiology and plant reactions in 
relation to a variety of high temperature and limited water supply scenarios. However, it is 
arguably difficult to properly test more complex strategies like intercropping under 
controlled conditions. With this in mind, a pearl millet/cowpea intercropping trial was 
conducted within the dry (Rabi) season, which typically runs from October to March. The 
trial ran from January to May over two years in Telangana, India. Little to no precipitation 
during the growth period and high temperatures of up to 42.2 °C - compared with observed 
maximum temperatures of 36.5 °C during the main (Kharif) cropping season (taken from a 
period of July to October, 1980 to 2010) - mimic harsher climate conditions. Intercrop 
performance is, to a large extent, determined by resource competition between plants and 
therefore cropping density. Relatively low densities are often used in low rainfall regions 
(Dadson et al., 2005) due to better performance and lower risk, for example through the 
requirement of less seed in comparison to higher density stands. We doubled the locally 
used density (60 cm between row spacing, known as low density in this experiment) to have 
a comparable high density treatment. Finally, we controlled water supply to quantify the 
amount needed to achieve reasonable yields independent of cropping system (sole vs 
intercrop) and density. A fundamental aim of the experiment was to identify cropping 




2.2.1 Study site 
The trial was conducted at the ICRISAT Research Station, Patancheru, India (17.25 
degrees N, 78.05 degrees E, Altitude: 545 m). The climate of the region is semi-arid tropical 
with annual rainfall averaging 910 mm (taken from a period of 1980-2010). The year is 
divided into five climatic seasons: a dry season (January to March, 37 mm), a pre-rainy 
season (April to May, 56 mm), a rainy season (June and September, 681 mm), a post-rainy 
season (October to November, 127 mm), and a post-rainy dry season (December, 5 mm) 
(Virmani and Reddy, 1982; ICRISAT-India, Patancheru Weather Station Records 1980-
2010). Our field trials were conducted across two seasons. Planting took place in late 
January/early February, and harvesting in early May. Both experiments were conducted on 
the same piece of land, of which the characteristics, according to Bhattacharyya et al. 
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(2016), were as follows: 79.3 % sand, 6.4 % silt, and 14.3 % clay, with organic carbon in 
the top soil at 0.55 and the pH 6-7. 
 
2.2.2 Climate conditions during the trial periods 
The daily mean temperature over the trial period in 2015 was 26.1 °C, with 39.6 °C 
(Julian day 123) and 11 °C (Julian day 35) the maximum and minimum daily temperatures, 
respectively. In 2016, the daily mean temperature was 29.7 °C over the trial period, with 
42.2 °C (Julian day 112) and 14.8 °C (Julian day 49) the maximum and minimum daily 
temperatures, respectively. Information on daily temperatures (max. and min.), rainfall and 
irrigation, and solar radiation is shown in Figures 1, 2, and 15 (appendix), respectively. 
 
 
Figure 1. Daily maximum and minimum temperature and physiology timeline 2015 and 2016. Solid lines 
represent the daily maximum temperatures and dashed lines the minimum. Development phases of both 
cowpea and pearl millet are presented for both years separately. Horizontal bars filled in light grey (below 
the plot) represent the time from germination to the completion of flowering of both crops. The following 





Figure 2. Water supply and physiology timeline 2015 and 2016. Vertical bars represent the amount and type 
of water supplied to each treatment. Solid bars represent irrigation water applied, and dashed lines in light 
grey represent precipitation. The large blocks of grey (in three different shades) represent the days, from and 
to, in which the irrigation treatments were applied. The treatments were, Severe stress, Partial stress, and 
Well-watered. Horizontal bars filled in light grey (below each plot) represent the time from germination to 
the completion of flowering of both crops. The following grain/pod filling to final harvest stage is shown 
through the dark grey bars. 
 
The experiment was set-up as a split-split plot design. Three cropping systems were 
grown within each density: sole pearl millet, sole cowpea, and intercropped pearl millet and 
cowpea (Figure 3). Each plot type (three irrigation treatments, two densities, two systems, 
and two crops) had four replicates, which led to a total of 72 plots. Two low density pearl 
millet border rows (1.8 metres across) were planted between each irrigation treatment to 
minimise border effects. 
All plots were irrigated using drip irrigation on a weekly basis. The mean weekly 
irrigation application was 28 mm in both years. Three irrigation treatments were applied 
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once every Monday morning, according to the following: severe stress (317 mm in 2015 
and 267 mm in 2016 total water supply; this treatment stopped water supply as pearl millet 
flowered), partial stress (348 mm in 2015 and 334 mm in 2016 total water supply; this 
treatment stopped water supply as cowpea flowered), and well-watered (442 mm in 2015 
and 399 mm in 2016 total water supply). Irrigation supply was conducted taking rainfall 
events into account. If it rained the day before the planned irrigation, the following 
morning’s irrigation supply was reduced by the amount of rain the experimental site 
received to ensure comparability between the two years. 
Consequentially, within each irrigation treatment two densities were sown of all 
cropping systems (as described above): low density at 17 plants/m2 (60 cm between row 
spacing), and high density at 33 plants/m2 (30 cm between row spacing) - within row 




Figure 3. Plot type (a) and experimental design (b). (i) High density sole cowpea, (ii) High density sole pearl 
millet, (iii) High density pearl millet and cowpea intercropping, (iv) Low density sole cowpea, (v) High density 
sole pearl millet, and (vi) Low density pearl millet and cowpea intercropping. Part two (b) of the figure 
illustrates how the experiments were set-up, highlighting treatment (Severe stress, Partial stress, Well-
watered), densities (Low, High), plot type (PM=pearl millet sole, CP=cowpea sole, and CP/PM=cowpea and 




Sowing was conducted by hand on 30/01/2015 and 02/02/2016. An erect forage 
cowpea cultivar (Russian Giant), and short pearl millet hybrid cultivar (H77/833-2, 
ICRISAT breeding programme) were used. These two cultivars were chosen as they are 
commonly used in the region as a cover crop (cowpea) and a popular hybrid grain crop 
(pearl millet). Soil was fertilised with 100 kg ha-1 of Di-Ammonium Phosphate (DAP = 18% 
N + 46% P2O4) before sowing, as well as 100 kg ha-1 of urea nitrogen to pearl millet as a 
top dressing once plots were well established. 
 
2.2.4 Plant and soil sampling 
Sequential and final biomass harvests were conducted by hand at pearl millet 
flowering, cowpea flowering as well as two weeks after the cowpea flowering harvest 
(Figure 11 and 12 appendix). With 50 cm borders at each end (length ways within the row), 
harvests consisted of 50 cm of biomass of every plot row, except one border row on either 
side of the plot. These harvests involved scanning the leaves of four individual plants per 
plot to obtain the leaf area (data not presented here), as well as dried biomass weights of 
plant parts separated into leaf, stem, flower, and pod (cowpea) or tiller (pearl millet).  
The only difference between the 2015 and 2016 seasons was that plots, and therefore 
sample size, were larger in 2016. In 2015, each plot was 5 m long and 2.4 m wide. In 2016, 
each plot was 5 m long and 3 m wide. One metre in length for all rows, excluding the two 
outer most rows (border rows), was used for the final harvest sample. 
Pearl millet plants were threshed and cowpea pods opened to obtain the true yield of 
each plot before being weighed. The remaining biomass was dried in ovens at 60 °C for 48 
hours and weighed. 
Leaf Area Index (LAI - Figure 13 and 14 appendix) was calculated using an 
AccuPAR LP-80 to measure potential (above canopy) and actual (below canopy/on the soil 
surface) light interception for each plot. LAI was measured on a weekly basis and three 
repetitions were made in three different sections of each plot. Soil samples were taken one 
day before sowing and one day after the final harvest by hand so water use could be assessed. 
These were weighed directly in the field, dried in ovens at 105 °C for 48 hours and weighed. 
Sampling was detailed so it can be effectively used to calibrate crop simulation models. 
2.2.5 Data analysis 
Yield and biomass data was subjected to a split-split block analysis of variance 
(ANOVA). Main plots were defined by irrigation (severe stress, partial stress, well-watered) 
and split according to density (low and high). Within the densities, plots were split further 
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by system type: sole pearl millet, sole cowpea, and intercropped pearl millet and cowpea. 
The response variables used for the statistical analysis were yield and harvest index; the 
explanatory variables that were tested for interactions were system, treatment, density, and 
year (Table 1 and 2 appendix). Homogeneity of variance was tested visually and 
transformed when necessary in order to conform to the requirements of ANOVA.  For 
significant differences (p > 0.05), the post-hoc Tukey test was used.  The analysis was run 
for each year (2015 and 2016) separately. The open source software R was used to conduct 
the analysis and create the figures for this study. 
A method for assessing the efficiency of intercropping over sole cropping is to use 
a ratio, such as the land equivalent ratio (LER) (Willey, 1979). This is the area under sole 
cropping compared with the area under intercropping required to yield equal amounts at the 
same level of management. The LER is a common approach to assess the land use advantage 
of intercropping (Rao and Willey, 1980): 
𝐿𝐸𝑅 =  LER𝑎  +  LER𝑏 =  
𝐼𝑎
𝑆𝑎




Ia and Ib are the yields for each crop in the intercrop system, and Sa and Sb are the 
yields for each of the sole crops. LERa and LERb are the partial LER values for each species. 
An LER value higher than 1.0 indicates that there is a land use advantage for intercropping. 
Partial land equivalent ratio (pLER) refers to the separate parts of the LER equation. 
Intercropping with two crops such as pearl millet and cowpea is comprised of two pLER 
values (pearl millet and cowpea), which are added to give the total LER value. Partial land 
equivalent ratio values are used to assess the contribution of each crop towards total LER 




2.3.1 Grain yield and sequential biomass accumulation 
We found certain patterns, which, however, fundamentally differed by year. In 2015, 
irrespective of plant density, yields increased with irrigation: at low density sole pearl millet 
yields increased from below 1,000 kg ha-1 with low irrigation (severe stress treatment) to 
above 2,000 kg ha-1 with high irrigation (well-watered treatment), and at high density from 
above 1,000 kg ha-1 to more than 2,500 kg ha-1 with high irrigation (Figure 4). Interestingly, 
the pattern could only be seen slightly in the case of intercropped pearl millet at low density, 
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where yields remained below 1,500 kg ha-1. The only case in which an increase in water 
supply significantly improved pearl millet intercrop yield was between partial and well-
watered, low density stands in 2015, with average yields of 920 kg ha-1 and 1,350 kg ha-1 
respectively (Figure 4). Intercropping pearl millet with cowpea simultaneously, i.e. with the 
same sowing date, reduced pearl millet yield significantly in all cases except for severe, low 
density stands in 2015.  
Cowpea yields, however, presented a different pattern, whereby yields were not 
affected by system (intercrop and sole) except for under the well-watered treatments in both 
densities in 2015 (Figure 5).  
In the 2016 season, more significant differences could be found between severe and 
partial treatment stands, in comparison to those found between partial and well-watered 
(Figure 5). The highest cowpea yields in 2015 were found in sole, well-watered, low density 
stands with an average yield of 1,150 kg ha-1 (Figure 5). This was the only instance in which 
sole cowpea out yielded its intercrop counterpart, which yielded an average of 600 kg ha-1 
(Figure 5). In terms of system performance, pearl millet yielded significantly more as a sole 
crop in every case across both years, except for one instance in 2015 at low density under 
the severe treatment (Figure 4). Differences in system performance between the years 
occurred for cowpea. In 2016 the partial treatment yielded almost as well as under the well-
watered treatment, at both low and high density, which was not the case in 2015 (Figure 5). 
In the 2016 season, more significant differences could be found for cowpea between severe 




Figure 4. Pearl Millet Yield 2015 and 2016. The top half of the figure illustrates yield data from 2015, and 
bottom half that of 2016. This is the same for density, with low density results on the left-hand side of the 
figure and high density on the right. Treatments are shown in order of the amount of water applied, with 
severe receiving the least water to the left, followed by partial, and well-watered to the right of each plot 
respectively. Dark grey boxes represent the yields of intercropped plots and light grey boxes those of sole 
cropped plots. The three horizontal lines indicate the 75% percentile (up), median (solid line across boxes) 
and 25% percentile yield (bottom); the upper and bottom bars outside the boxes show the maximum and 
minimum values respectively. Significant differences are shown through lower and upper case letters for 2015 




Figure 5. Cowpea Yield 2015 and 2016. The top half of the figure illustrates yield data from 2015, and bottom 
half that of 2016. This is the same for density, with low density results on the left-hand side of the figure and 
high density on the right. Treatments are shown in order of the amount of water applied, with severe receiving 
the least water to the left, followed by partial, and well-watered to the right of each plot respectively. Dark 
grey boxes represent the yields of intercropped plots and light grey boxes those of sole cropped plots. The 
three horizontal lines indicate the 75% percentile (up), median (solid line across boxes) and 25% percentile 
yield (bottom); the upper and bottom bars outside the boxes show the maximum and minimum values 
respectively. Significant differences are shown through lower and upper case letters for 2015 and 2016, 
respectively. 
 
In 2015, pearl millet HI ratios increased significantly between severe and well-
watered treatments across densities and systems, but not in 2016, where HI remained equal 
within densities (Figure 6). In all but one instance (2016, sole pearl millet, partial treatment) 
high density stands had significantly lower HI ratios in 2016 (Figure 6). Pearl millet yields 
across densities in 2016 were equal in all instances but one (well-watered intercrop stands, 
Figure 4). Lower HI for pearl millet at high density in 2016 reflected the increased biomass 
in comparison to yield at this density (Figure 6). While pearl millet yield was dramatically 
reduced when intercropped, there were no significant differences in HI between systems in 
both years (Figure 6). The presence of cowpea reduced the total production of the entire 
pearl millet plant, and not just the plant’s ability to produce grain.   
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Significantly higher cowpea HI ratios were found under well-watered as opposed to 
severe treatments in both years and densities, except under high density in 2015 (Figure 7). 
These findings emulated yield results (Figure 5) and showed biomass and grain production 
were affected in the same way. In general, HI ratios for both pearl millet and cowpea were 
significantly reduced by density in 2016 (Figure 6 and 7). Yield results showed no 
significant differences between crops in terms of density (Figure 4 and 5). 
In terms of vegetative biomass, pearl millet produced more than cowpea. The 2015 
data set (Figure 11 appendix) clearly shows high density sole pearl millet stands produced 
more biomass compared with those at low density – this was the case for all treatments in 
2015: 3,520 kg ha-1 and 4,990 kg ha-1 (severe low and high density); 5,260 kg ha-1 and 5,890 
kg ha-1 (partial low and high density); and 5,280 kg ha-1 and 7,110 kg ha-1 (well-watered 
low and high density).  
The same pattern was also found with sole cowpea, but to a lesser extent when 
compared with sole pearl millet: 2,260 kg ha-1 and 2,820 kg ha-1 (severe low and high 
density); 3,860 kg ha-1 and 4,250 kg ha-1 (partial low and high density); and 5,860 kg ha-1 






Figure 6. Harvest Index for Pearl Millet. The top half of the figure illustrates HI data from 2015, and bottom half that of 2016. This is 
the same for density, with low density results on the left-hand side of the figure and high density on the right. Treatments are shown in 
order of the amount of water applied, with severe receiving the least water to the left, followed by partial, and well-watered to the right 
of each plot respectively. Dark grey boxes represent the HI values of intercropped plots and light grey boxes those of sole cropped 
plots. The three horizontal lines indicate the 75% percentile (up), median (solid line across boxes) and 25% percentile yield (bottom); 
the upper and bottom bars outside the boxes show the maximum and minimum values respectively. Significant differences are shown 





Figure 7. Harvest Index for Cowpea. The top half of the figure illustrates HI data from 2015, and bottom half that of 
2016. This is the same for density, with low density results on the left-hand side of the figure and high density on the 
right. Treatments are shown in order of the amount of water applied, with severe receiving the least water to the left, 
followed by partial, and well-watered to the right of each plot respectively. Dark grey boxes represent the HI values of 
intercropped plots and light grey boxes those of sole cropped plots. The three horizontal lines indicate the 75% 
percentile (up), median (solid line across boxes) and 25% percentile yield (bottom); the upper and bottom bars outside 
the boxes show the maximum and minimum values respectively. Significant differences are shown through lower and 
upper case letters for 2015 and 2016, respectively. 
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2.3.2 LER of yield 
Partial land equivalent ratio values varied between years (Figure 8), largely due to 
the 2015 high density sole cowpea yields cultivated under partial and well-watered 
treatments, for which the yields were 56.5, 157.2, 28.5, and 0 (partial), and 181.2, 357.7, 
215.5, and 342.2 kg ha-1 (well-watered, Figure 4 and 5).  
Partial land equivalent ratios showed that intercropping did not necessarily perform 
better under stress. High density stands under the severe stress treatment had two of the 
lowest values, with 0.9 and 1.0 in 2015 (severe low density), and 1.2 and 1.0 in 2016 (severe 
high density, Figure 8). As a comparison, well-watered low and high density stands 
achieved ratios of 1.1 and 3.1 (2015), and 1.4 and 1.2 (2016, Figure 8). 
Figure 8 illustrates the necessity to assess partial LER values and not just LER totals. 
Values from 2016 showed well-watered high density stands to have a total LER of 1.2 
(Figure 8). From this value, 0.2 is from pearl millet, and 1.0 from cowpea - pearl millet was 
sacrificed for increased cowpea yield (Figure 8). Mean yields for this example were 966.6 
and 950.5 for cowpea, and 2,260 and 535 kg ha-1 for pearl millet, for sole and intercropped 




Figure 8. Partial land equivalent ratio (pLER) of cowpea fodder and pearl millet grain for intercropping 
patterns at high and low density and under three different irrigation treatments (severe stress, partial stress, 
and well-watered) over two years of experimentation, 2015 and 2016. Each symbol represents an average 
pLER value from four replicates of the different density and water regimes. The black line indicates a total 





2.3.3 Soil moisture at full maturity & light interception 
Soil moisture within both of the top two layers (0-15 cm and 15-30 cm) in 2015 
under the severe treatment showed high density plots retained more water than low density 
plots across all systems (Figure 9). Complementary to this were the higher LAI values of 
high density plots across all systems under the severe treatment by Julian day 78, which 
captured the full flowering periods of both pearl millet and cowpea crops (Figure 13 
appendix). Interestingly, there were larger differences in LAI, i.e. ground cover, between 
low and high density sole cowpea and intercrop stands, but not between those of sole pearl 
millet (Figure 13 and 14 appendix). Higher LAI values in both years (Figure 13 and 14) 
linked well with higher soil moisture values in 2015, particularly under the severe irrigation 
treatment (Figure 9 and 10). 
 
 
Figure 9. Full maturity volumetric soil water content (mm/mm), layers 0-15 cm and 15-30 cm, 2015. The effect 
of cropping system and density on soil moisture directly after the final harvest in 2015. The bars represent the 




Figure 10. Full maturity volumetric soil water content (mm/mm), layers 0-15 cm and 15-30 cm, 2016. The 
effect of cropping system and density on soil moisture directly after the final harvest in 2016. The bars 
represent the mean soil moisture, along with standard deviation whiskers. 
 
2.4 Discussion 
2.4.1 Cropping system performance 
Under extreme temperature conditions, as found in the off-season (from January to 
May, 2015 and 2016) at the semi-arid site in Telangana, India, under field conditions, 
intercropping did not prove to be a suitable adaptation strategy. Pearl millet grown as a sole 
crop produced significantly higher yields with almost 1,650 kg ha-1 with high irrigation over 
both years and densities compared with stands where it was intercropped with cowpea 
(Figure 4). Cowpea yields were not consistently affected by the system. Our findings were 
in-line with those of previous studies that showed the simultaneous sowing of pearl millet 
and cowpea intercropped stands lead to pearl millet yield reductions (Mohammed et al., 
2008; Ntare, 1989; Ntare, 1990; Terao et al., 1997). As described by Zegada-Lizarazu et al. 
(2006), water-use in this specific system was heavily influenced by the system in the form 
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of competition from cowpea. Root studies confirmed that competition between these two 
crops in particular was greatest when planted simultaneously, as they shared the same root 
zone  (Terao et al., 1997). Singh (1997) explained how pearl millet yield was reduced, as 
simultaneous planting with cowpea reduced its ability to develop deep roots. If cowpea is 
sown two weeks after pearl millet, it could be dominated by the already developed pearl 
millet root system and therefore suffer yield reductions. A suggested solution is to plant two 
rows alternately, for example with four rows of cowpea and two rows of pearl millet. This 
aims to allow the cereal to penetrate zones under rows of other cereal plants, reducing 
competition with cowpea roots, which could help compensate for the fact that pearl millet 
roots do not grow directly beneath their own plant (Terao et al., 1997). Reddy et al. (1992) 
found no pearl millet yield reduction when cowpea was sown one week after pearl millet, 
which supports the above-mentioned strategy if pearl millet is of considerable importance 
to the farmer. 
Mohammed et al. (2008) found cowpea yield to decrease by 47 % when intercropped 
with pearl millet, the difference in trial set-up being that cowpea was sown two weeks after 
pearl millet. The same study suggested that competitive light interception, i.e. shade from 
taller crops with more biomass, can heavily impact yield. This builds on the previous work 
of Blade et al. (1997), who showed consistent, gradual decreases in cowpea yield the later 
it is planted after pearl millet.  
It is important to note that the pearl millet used in this trial was a short variety (in 
terms of height), which, especially at high density, had a large percentage of its leaves over-
shadowed by intercropped cowpea, illustrated in Figure 3, 1c, which shows that almost only 
the pearl millet panicles grew taller than the intercropped cowpea. The reduction in pearl 
millet yield in response to intercropping with cowpea was therefore related to light (above-
ground biomass), and water (below-ground biomass), which enforces the work of Terao et 
al., (1997), who stressed the importance of system architecture. The timing of shade 
development has also been found to be of great importance (Walker, 2015). Leaf area index 
was captured at plot level in this study. However, in order to understand the canopy 
architecture of intercrop plots and the impact of shade, more detailed LAI data collection 
could help with the understanding of such systems in their entirety. This could include 
recording the light intercepted by the taller of the intercropped species alone, which in some 
instances casts shade over the lower canopy of the shorter intercropped species.  
Land equivalent ratio inconsistencies (Figure 5) highlight the complexity of 
analysing and understanding crop production systems, which forces us to assess the 
relevance of such ratios. When assessing intercropping systems, it was difficult to find 
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trends through ratios, and it was necessary to look into the details. For instance, 2015 LER 
total values of 2.4 (high density partial) and 3.1 (high density well-watered) suggest 
intercropping was far more efficient than sole cropping (Figure 8) – comparable values in 
2016 vary. Further investigation into partial LER and actual yield values showed a very 
different result (Reddy et al., 1992). 
Clearly, when looking at LER, it is vital to take into consideration which crops are 
more preferable for the farmer. For example, pearl millet proved to be a stable crop that 
produced reliable yields. The same cannot be said for cowpea however due to its sensitivity 
to climate variation. The use of LER for data interpretation must therefore be done with 
caution, as high LER values (above 1.0), indicating the intercrop system in question is more 
productive than sole equivalents, is clearly not a good measure of yield productivity, nor is 
it supposed to be. As Prins and Wit (2005) argued, LER is too simple and may not be useful 
when analysing intercropping systems, in particular when crops show high elasticity and 
variance. The variability in LER across various systems was clearly a sign that a more 
developed understanding of the factors responsible is needed (Yu et al., 2015). The 
literature, as well as the results in this study, so far showed LER to be inconsistent. It is 
therefore important that the specificity of the farming situation, i.e. the usefulness of each 
component within the relevant cultural and social setting, is emphasised when interpreting 
LER as part of field trial analysis. 
 
2.4.2 Cropping system responses to water treatment 
Water supply was a key factor in the determination of yields, but not the most 
limiting one in all cases. Sole pearl millet responded to increased water supply to an extent, 
but not consistently past the partial irrigation treatment. Of particular interest is that there 
were no differences between intercropped pearl millet at treatment and density levels within 
each year, except for in 2015 at low density between partial and well-watered treatments 
(Figure 4). This indicated that intercropped pearl millet suffered from competition with 
cowpea more than from water stress. Studies have argued that the water sources of pearl 
millet can be changed by the presence of a cowpea intercrop able to ‘out compete’ the cereal 
for water. This reaction is said to be due to the presence of cowpea forcing pearl millet to 
rely on more recently supplied water - be that precipitation or irrigation (Zegada-Lizarazu 
et al., 2006). However, if this were the case, well-watered intercropped pearl millet should 
have performed better as water supply increased, which it did not. With this in mind, it 
seems cowpea outcompeted pearl millet for root space more than anything else. The cereal’s 
reduction in performance when intercropped was not found when cowpea planting was 
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delayed by two weeks. The response was similar when pearl millet is intercropped with 
other legumes (Zegada-Lizarazu et al., 2005). The strongest change in terms of water supply 
for both pearl millet and cowpea inter and sole crop stands was observed between severe to 
partial treatments. Here, it seems the irrigation water supply of 350 mm in 2015 and 330 
mm in 2016 (partial water stress) was sufficient. Any additional supply of water led to a 
diminishing return. 
 
2.4.3 Plant density 
Spatial arrangement of course also influences competition dynamics and yield 
stability can vary under different types of intercropping systems, be they made up of singular 
or multiple rows (Dapaah et al., 2003; Mohammed et al., 2008). This highlights the 
importance of defining the aims of a system prior to assessing its performance. Mohammed 
et al. (2008) found that pearl millet-cowpea intercropping systems could be enhanced by 
cultivating two pearl millet rows next to four cowpea rows. In our study, under 
intercropping, while the presence of simultaneously sown cowpea reduced pearl millet 
yield, a system effect, density did not play an important role in terms of yield production. 
However, yield is of course not the only arable cultivation product. Vegetative biomass can 
be used as animal feed, vegetables for human consumption, and straw input for soil organic 
matter build-up. There is therefore strong competition for biomass, especially in low-
resource systems, as found in many semi-arid regions. With this is mind, density clearly 
played an important role in terms of vegetative biomass production (Figure 11 and 12 
appendix), where high density pearl millet in particular produced higher yields compared 
with when sown at low density. Craufurd (2000) found a strong density response with 
intercrop yields, whereby cowpea yield decreased as pearl millet density increased. 
Craufurd (2000) went on to explain that intercrop yields were dominated by cereals, which 
was not the case in our study, and was probably due to the relay aspect of the experiments 
reported on in which cowpea was sown seven days or more after pearl millet, giving the 
cereal an advantage. Another possible interpretation is that of a cowpea genotype effect on 
the pearl millet line used in intercropping. The cowpea line that was used is routinely used 
as a fallow crop, rather than for grain, indicated by poor harvest index ratios. Being a 
genotype with inherently high foliage could have been part of the reason for depressed 
intercropped pearl millet yields. The fact that we used a short pearl millet variety clearly 
played an important role in cowpea’s ability to shade the intercropped pearl millet, 
especially when sown at high density, as well as the above-described competition for soil 
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resources. Mao et al. (2014) found higher plant densities led to crops with excessive 
vegetative growth, which supports our findings for pearl millet and cowpea in 2016, as the 
HI is reduced with increased density (Figure 6 and 7).  
Significantly equal HI ratios for pearl millet are in-line with the findings of Muchow 
(1989), who observed that although more water supply increased sole pearl millet HI values, 
the effect was not significant. The decline in pearl millet HI at high density (Figure 6) in 
combination with significantly equal yields over density (Figure 4) highlights the higher 
level of grain-yield efficiency that comes from low density cultivation. As density was the 
only influential factor in terms of pearl millet HI, it is clear that the provision of sufficient 
space is important to achieve pearl millet’s yield potential. Of course, only one pearl millet 
genotype was tested and more work would be needed to test the possibility of genotype-by-
density interactions. This also showed that when pearl millet was under stress, the entire 
plant was affected i.e. biomass and yield production. The fact that water deficits have little 
influence on pearl millet HI further emphasised the stability and reliability of the crop as 
suitable for farmers in semi-arid regions, particularly with climate variation and instability 
in mind.  Cowpea on the other hand showed a great deal more variation. Higher HI values 
were found at low density, and as water supply increased. The over-riding output of HI 
values from both crops in intercropped and sole stands was that low density planting was 
more preferable (60 cm between row spacing), be it as an inter- or sole crop system. 
 
2.5 Conclusion 
The off-season experiment showed that the cultivation of both pearl millet and 
cowpea under extreme heat was possible. Intercropping, at least when simultaneously 
planted, did not improve yield productivity, despite LER values above one, and reduced the 
performance of pearl millet. The provision of supplemental water through drip irrigation 
increased yields of both crops, but more so for cowpea of which yields were low across 
treatments and years as well as being sensitive to water supply and seasonal climate 
variation. Pearl millet on the other hand, proved to be well-adapted to high temperatures 
and limited water supply. The locally practiced low density (60 cm between row spacing) 
was the most efficient in terms of seed supply and yield output, whereas biomass production 
was higher when sown at high density. The most effective drip irrigation water supply in 
terms of grain yield was made up of around 340 mm (partial stress water application mean 
over the two years) divided over and applied once a week up until 48 DAS (mean length of 
partial stress irrigation in 2015 and 2016). As we have shown, the off-season can be used 
effectively to test strategies under climatic conditions that may shift into key cropping 
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seasons. Our observations suggest that there may be opportunities to develop intercropping 
options for farmers, even under harsher conditions. Two key aspects that require further 
research include: (i) broader testing of genetic material of both pearl millet and cowpea as 
part of intercropping systems, and (ii) investigation of whether delayed planting of cowpea 
would reduce the negative effect on pearl millet grain yield when intercropped. 
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2.8  Appendix 
2.8.1 Sequential biomass harvests 
 
Figure 11. Biomass accumulation over time – four separate harvests in 2015, split into Julian day. The biomass of each plant part is given a 
different colour, as indicated in the legend. Pearl millet plant parts are represented by the darker shades of the colours in the legend, and cowpea 




Figure 12. Biomass accumulation over time – four separate harvests in 2016. 
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2.8.2 Leaf area index – light interception 
 
Figure 13. Leaf Area Index over four dates (Julian day) in 2015, with standard error bars across treatments. 
Densities are indicated via the shade of grey used, low density (dark grey), and high density (light grey). The 




Figure 14. Leaf Area Index over four dates (Julian day) in 2016. The measurements shown capture the end of 









2.8.3 Solar radiation 
 
Figure 15. Solar Radiation and physiology timeline 2015 and 2016. Solid lines represent the daily solar 
radiation, black 2015, and grey 2016 (MJ). Development phases of both cowpea and pearl millet are presented 
for both years separately. Horizontal bars filled in light grey (below the plot) represent the time from 
germination to the completion of flowering of both crops. The following grain/pod filling to final harvest stage 
is shown through the dark grey bars. 
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2.9 ANOVA results 
Table A1: Results of ANOVA on the effects of System, Treatment, Density, and Year and their interactions on 




Table A2: Table A2: Results of ANOVA on the effects of System, Treatment, Density, and Year and their 










Intercropping is promoted as a promising option in particular for low-input 
smallholder systems (Brooker et al., 2015). Traditionally, intercropping is used in such 
systems because of low plant population, where farmers hope to capitalise on niches, i.e. 
the space left between the initial plantings. A common system sees alternate rows of, for 
example, a sole crop cereal stand, replaced by companion crop rows (usually a legume), 
known as replacement intercropping, as seen in Nelson et al. (2018). It is argued that by 
using two different species important resources such as water and nutrients can be used 
complementarily (Brooker et al., 2015). However, it is clear that using intercropping as a 
silver bullet across regions and scenarios does not work, as crop performance depends on 
management, germplasm, site-specific environmental and socio-economic conditions (Li et 
al., 2006; Nelson et al., 2018; Rapholo et al., 2019). Consequently, a more site-specific 
approach to planting practices and fertiliser use is needed. However, optimisation of cultivar 
choice and management practices is difficult due to the numerous possible interactions with 
environmental factors. For example, some cereal-legume intercropping systems might delay 
the sowing of the legume component to encourage cereal growth dominance, known as relay 
intercropping (Brooker et al., 2015). However, the added labour required to sow a second 
time, as well as the increased weed management needed due to a gap in sowing, are factors 
that must be considered when designing such systems (Rapholo et al., 2019). Future 
intercropping systems could aim to take advantage of genotypic differences within species 
for adaptation to intercropping, which could allow for more efficient management through 
simultaneous sowing. Further investigation is therefore needed to determine the traits of 
cultivar ideotypes for specific production situations (Rötter et al., 2015). It is currently 
unclear which traits are needed for productive intercropping systems.  
 The challenges stated above suggest that field-based experimentation may be 
too time-consuming and costly to address the many potential climate and management-
based scenarios associated with such systems, as well as providing too little information on 
the mechanisms of intercrop growth dynamics. Process-orientated modelling has evolved 
                                               
2 This chapter is under review as Nelson, W.C.D., Hoffmann, M.P., Vadez, V., Rötter, R.P., Koch, M., Whitbread, A.M. 




as an option to conduct and evaluate virtual experiments within days as opposed to field-
based experimentation that requires years. This kind of modelling has limitations however, 
such as when assessing yield limiting factors, potentially beneficial in intercropping (Rötter 
et al., 2018). Conducting simulation experiments that systematically vary plant parameters, 
such as maximum height, phyllochron or temperature requirements for phenological 
development, can provide valuable information for breeders and farmers, as well as 
highlight potential areas of model improvement and guide field experimentation 
(Casadebaig et al., 2016; He et al., 2017; Akinseye et al., 2017).  
So far, crop models have rarely been used to evaluate different intercropping 
practices (Gaudio et al., 2019) - intercrop research so far has in general been largely 
descriptive (Brisson and Bussiere, 2004; Tsubo et al., 2005). The Agricultural Production 
systems SIMulator (APSIM; Holzworth et al., 2014), contains a module for intercropping 
(Carberry et al., 1996), which has been evaluated for sorghum-cowpea intercropping 
(Chimonyo et al., 2016). While scenario-specific insights have indeed been gained from 
such work, there is a need to quantify the mechanistic relationships, as the interest in 
intercropping broadens (Fletcher et al., 2016; Gaudio et al., 2019; Varshney et al., 2018). 
Plant height is potentially a key trait for intercropping performance, as it contributes towards 
the determination of shading conditions. While this trait is important in terms of light 
competition in intercrop simulation scenarios, its effect is not considered in sole crop 
simulations. The relationship between canopy development and yield in intercropping 
systems has rarely been explored. 
With the potential use of crop modelling for management improvements and 
genotype interactions in mind, this study had two objectives: (i) the crop model APSIM was 
evaluated for pearl millet-cowpea intercropping against a detailed field trial data set; (ii) the 
model was used to systematically explore the effects of interactions between pearl millet 
(Pennisetum glaucum (L.) and cowpea (Vigna unguiculata (L.)Walp) heights on simulated 
yields. The simulation experiment aimed to help better understand intercropping limitations 
and provide insights into the mechanisms of parameters and how they influence cultivar 
traits and ultimately intercropping performance. Pearl millet-cowpea intercropping was 
chosen as a common system for dryland smallholder farmers. Pearl millet is a key staple 
food for dryland regions, and cowpea an important protein source with leaves used as 
vegetables or fodder (Sennhenn et al., 2017). Model output can be used as the basis for 
hypotheses to motivate further, more targeted experiments, improve model performance, 




3.2 Materials and Methods 
3.2.1 Study region 
The study took place at the ICRISAT Research Station, Patancheru, India (17.25 ° 
N, 78.05 ° E, Elevation: 545 m).  The climate of the region is semi-arid tropical with annual 
rainfall averaging 910 mm (taken from a period of 1980–2010). The year consists of a dry 
season (January to March, 37 mm), a pre-rainy season (April to May, 56 mm), a rainy season 
(June and September, 681 mm), a post-rainy season (October to November, 127 mm), and 
a post-rainy dry season (December, 5mm) (Virmani et al., 1982; ICRISAT-India, 
Patancheru Weather Station Records 1980–2010). The topsoil was a sandy loam with 79.3% 
sand, 6.4% silt, and 14.3% clay, with organic carbon in the topsoil at 0.55% and the pH 6-
7 (Bhattacharyya et al., 2016). 
 
3.2.2 Model testing 
3.2.2.1 APSIM 
The process-based model APSIM (version 7.7) used in this study, with a focus on 
dryland agriculture (Akinseye et al., 2017; Hoffmann et al., 2018b; Whitbread et al., 2017), 
was described by Holzworth et al. (2014), and has been widely used (Gaydon et al., 2017; 
Hoffmann et al., 2018a; Whitbread et al., 2010). The pearl millet model in APSIM (van 
Oosterom et al., 2001a and b) simulates the growth of the main stem and five tillers per 
plant separately. Applications are reported in Akponikpè et al. (2011), and O’Leary et al. 
(2008). The APSIM cowpea model (Robertson et al., 2002) follows the generic APSIM 
plant description (Wang et al., 2002) and simulates biological nitrogen (N) fixation to meet 
crop N needs (Chen et al., 2016). Of particular importance is that due to cowpea’s ability to 
fix N from the air, APSIM assumes, in the case of a lack of mineral N for plant growth, that 
any deficit is supplied via fixation. Limitations of N-fixation, such as low phosphorous 
supply or acidic soils, are ignored (Chen et al., 2016). 
Intercropping was simulated using the APSIM Canopy module, whose routines for 
light interception and competition for water and N were described by Carberry et al. (1996) 
and introduces different aboveground layers based on the simulated height of the plant. This 
enables the modelling of light interception by layer from the tallest stand, with remaining 
light entering the layer below, determining light competition between intercrop components. 
Competition for water and N with intercropping is calculated by daily alternations of the 
crop that has first access to available resources. This alternation continues until final harvest. 
It is important to note that the resources available to a crop may differ due to the 
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characteristics of that crop, such as rooting depth, soil water extraction capacity, crop lower 
limit, and N fixation. Competing intercrops therefore have an indirect impact on one another 
through the simulated influence of resource availability (Carberry et al., 1996). 
 
3.2.2.2 Field data 
The field data used was derived from a trial conducted at the ICRISAT experimental 
station in the dry seasons of 2015 and 2016 (Nelson et al., 2018). The trials were 
purposefully conducted during the off-season to ensure complete control of the water 
supply. The treatments tested were sole crop versus intercrop, 33 versus 17 plants per m-2 
(reported as high and low plant-density, respectively), and irrigation for severe stress, partial 
stress, and well-watered treatments. Intercrop components, pearl millet and cowpea, were 
sown simultaneously. Cultivars used were Russian Giant for a forage cowpea crop, and a 
short pearl millet hybrid H77/833-2 (known as HHB 67 in India). Diammonium phosphate 
(DAP=18% N+46% P2O4) was applied at 100 kg ha-1 before sowing to all plots and urea-
N was top-dress applied to pearl millet at 100 kg ha-1 once plants were well-established. 
This was done to eliminate N limitations. Biomass harvests consisting of 500 mm of 
biomass of every plot row were done by hand at pearl-millet flowering, cowpea flowering, 
two weeks after cowpea flowering, and at full maturity with the addition of grain yield. Leaf 
area index (estimated using an AccuPAR LP-80) on a plot basis, and stem height (crop-
specific for intercrop stands) were measured weekly. Soil samples were taken one day 
before sowing and one day after each biomass harvest using a hand probe so water use could 
be assessed from 0 to 600 mm in 150 mm increments. These were weighed directly in the 
field, dried in ovens at 60 °C for 24 hours, followed by 105 °C for a further 24 hours and 
weighed. More details can be found in Nelson et al. (2018). 
 
3.2.2.3 Model calibration 
APSIM simulations require daily weather data, soil properties, management 
practices, and cultivar information to be run for specific field trials. Solar radiation, 
maximum and minimum temperature and precipitation were measured at the experimental 
station. Information on planting, fertiliser and irrigation practices was collected during the 
trial. Soil and cultivar data was used to calibrate the model, as explained in detail below. 
Then, the cowpea and pearl millet sole crop well-watered high plant-density treatments of 
2015 were used to derive cultivar specific parameters – these treatments were then excluded 
from the statistical validation of the model (Figure 1 and 2). Missing soil parameters were 
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based on standard values found in the literature. The same model parameterisation was used 
to simulate the remaining treatments. 
Soil parameterisation is especially important for the determination of plant available 
water holding capacity, defined as the difference between crop lower limit (CLL) and 
drained upper limit (DUL) (Whitbread et al., 2017). The CLL and DUL were determined 
according to Dalgliesh et al. (2016). The CLL was determined by positioning rainout 
shelters over pearl millet and cowpea monoculture stands at flowering and using the 
volumetric soil water at harvest for crop-specific lower limits (Table 1). Drained upper limit 
was assessed by drip irrigation wetting of the soil profile (Table 1). Bulk density values 
were assessed prior to this study. The maximum rates of total water extraction by the crop 
(KL) were estimated similarly to Dalgliesh et al. (2016) (Table 1).  
 
Table 1.  Soil physical properties for the estimated rooting depth, including bulk density (BD), low limit of 
available soil water for each crop (LL), drained upper limit/ field capacity (DUL), and saturation (SAT). 
Fraction of plant available water able to be extracted/ day (KL) for each crop and layer (Dalgliesh et al., 






























0-15 1.350 0.074 0.102 0.082 0.172 0.441 0.08 1.0 0.08 1.0 
15-30 1.350 0.155 0.178 0.172 0.188 0.441 0.08 1.0 0.08 1.0 
30-45 1.420 0.170 0.181 0.170 0.292 0.414 0.08 1.0 0.08 1.0 
45-60 1.420 0.154 0.165 0.154 0.290 0.414 0.08 1.0 0.08 1.0 
60-75 1.420 0.151 0.161 0.151 0.273 0.414 0.06 1.0 0.06 1.0 
75-90 1.420 0.128 0.128 0.128 0.279 0.414 0.04 1.0 0.04 1.0 
90-105 1.420 0.128 0.128 0.128 0.211 0.414 0.03 1.0 0.03 1.0 
105-120 1.420 0.128 0.128 0.128 0.257 0.414 0.02 1.0 0.02 1.0 
120-135 1.420 0.128 0.128 0.128 0.216 0.414 0.02 1.0 0.01 0.0 
135-150 1.420 0.128 0.128 0.128 0.198 0.414 0.01 1.0 0.01 0.0 
 
The APSIM Soilwat parameters were set at 4 and 2 mm-0.5 for cona and u 
respectively, 73 for the runoff curve number, 88 for the diffusivity constant of water 
percolation, and 35 for the diffusivity slope under unsaturated conditions, and 0.5 for the 
SWCON for saturated conditions (Hoffmann et al., 2017; Whitbread et al., 2017). Initial 
soil water conditions were measured for both years. 
The APSIM model’s phenological stages are simulated through calculating thermal 
time (tt, degree days) using base (10°C and 10°C), optimal (33°C and 23°C), and maximum 
temperatures (47°C and 44°C) for pearl millet and cowpea, respectively, based on empirical 
data (pearl millet: van Oosterom et al., 2001a and b; and cowpea: Robertson et al., 2002). 
Pearl millet cultivar HHB 67 was already characterised in APSIM and the characterisation 
of cowpea cultivar Banjo was used for Russian Giant. Using the trial data, the cultivars were 
re-parameterised for phenology and canopy development (Table 2). The determination of 
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the parameters was done by visually matching model output against observed results of 
grain yield, biomass, LAI, and plant height (Figure 1, 2 and 3). A key cultivar parameter 
adapted for pearl millet addressed the height of the plants. In APSIM, actual plant height is 
a function of the parameters maximum plant height and stem weight. Overall, parameters 
were set within reasonable ranges found in the literature in order to avoid overfitting the 
model (see section 3.2.2.1). 
 
Table 2: Cowpea and pearl millet cultivar parameters used for APSIM, highlighting the adaptations made to 











Cowpea   Banjo Russian Giant 
y_hi_incr Rate of HI increase 0.0164/days 0.014 0.010 
y_hi_max_pot 
 









tt_emergence tt emergence to end juvenile  °C days 552 680 
y_tt_flowering tt flowering to start grain fill °C days 100 120 
y_tt_start_grain_fill tt to start of grain fill period °C days 280 390 
x_stem_wt Stem weight g/plant 0-15 0-15 
y_height Plant height mm 0-1000 0-1000 
y_node_app_rate Node appearance rate °C days 50 50 50 50 40 40 40 40 
-     
Pearl millet   HHB 67 HHB 67 
Millet main stem      
leaf_app_rate1  tt required to fully emerge °C days 62 75 
leaf_app_rate2  tt required to fully emerge °C days 36.4 40.4 
head_grain_no_max Potential grains per head Grains/head 2600 5200 
tt_emerg_to_endjuv tt emerg. to end of juvenile °C days 199.4 119.4 
tt_flower_to_maturity tt flower to maturity  °C days 457 610 
tt_maturity_to_ripe tt maturity to harvest °C days 1 50 
y0_const Largest leaf area intercept 
y-axis regression of the area of the 
largest leaf on total leaf number 
       
7280 4280 
Millet tiller 1     
leaf_app_rate1 tt required to fully emerge °C days 62 95 
leaf_app_rate2 tt required to fully emerge °C days 36.4 80.4 
tt_flower_to_maturity tt flower to maturity  °C days 457 610 
tt_maturity_to_ripe tt maturity to harvest °C days 1 50 
y0_const Largest leaf area intercept 
y-axis regression of the area of the 
largest leaf on total leaf number 
       
3480 1480 
Millet tillers 2, 3, 4 & 5     
leaf_app_rate1 tt required to fully emerge °C days 62 75 
tt_flower_to_maturity tt flower to maturity °C days 457 610 
tt_maturity_to_ripe tt maturity to harvest °C days 1 50 
y0_const Largest leaf area intercept 
y-axis regression of the area of the 
largest leaf on total leaf number 





Figure 1. APSIM calibration runs for aboveground biomass (a) and plant height (b) compared simulated lines 
and observed points throughout the 2015 season for pearl millet and cowpea sole crops in Patancheru. The 
right-hand side y-axis identifies: high, 33, and low, 17 plants per m-2 planting densities; and weekly irrigation 






Figure 2. Calibration runs for simulated (x-axis) versus observed (y-axis) grain yield throughout the 2015 





Figure 3. Calibration runs for simulated lines and observed points of LAI throughout the 2015 season for 
pearl millet and cowpea sole crops in Patancheru. The right-hand side y-axis identifies: 2015, season; and 
weekly irrigation treatments: severe, until pearl millet flowering; partial, until cowpea flowering; and well-
watered, until two weeks after cowpea flowering. The upper column identifies: cowpea and pearl millet sole 
crop systems; and high, 33 and low, 17 plants per m-2 planting densities. 
 
3.2.2.4 Statistical validation 
All treatments besides pearl millet and cowpea sole crops in 2015 were used to 
validate model performance independently using root mean square error (RMSE), and its 
normalisation (nRMSE 0-1, the closer to zero is better), model efficiency (EF 0-1, the closer 
to one the better), and Willmott Index of Agreement (IA 0-1, the closer to one the better) 
(Hoffmann et al., 2018a). All analyses were done using R software and the package 




3.2.2.5 Simulation experiment 
The APSIM model was setup for a simulation experiment to explore the effect of the 
model parameter ‘maximum plant height’ under different management strategies for pearl 
millet-cowpea intercropping on grain yield performance. The soil used was the same as the 
one used in the model validation. The simulation experiment was repeated for 31 years from 
1980 to 2010. Simulated rainfall was limited to zero for full control. The sowing date was 
the 28th of January. The water supply amounts per season and duration after sowing were: 
300 mm during five weeks for severely stressed; 350 mm over seven weeks for partially 
stressed; and 500 mm over nine weeks for well-watered. A plant-density of 33 plants per 
m-2 with 300 mm between row spacing was compared with 17 plants per m-2 with 600 mm 
between row spacing. Within row plant spacing was 100 mm.  
Soil water was set at each sowing event to field capacity and the above-described 
irrigation treatments were applied in addition, as water declined from field capacity. 
Maximum plant height was systematically varied; for cowpea from 200 to 1000 mm at 
intervals of 200 mm, and for pearl millet from 400 to 4000 mm at intervals of 400 mm. 
Taking management (two plant-densities and three levels of irrigation) into account, there 
were 300 simulations 
 
3.3 Results 
3.3.1 Model validation 
Willmott Index (IA) values for yield of 0.87 and 0.83 for both crops and pearl millet, 
respectively, show that the model performed well in terms of capturing growth dynamics 
and distinguishing treatment effects. Model efficiency was satisfactory for both crops 
combined at 0.60, with cowpea yield at 0.22, and pearl millet yield at 0.46 (Table 3). Model 
accuracy was variable and highly crop specific, as indicated by nRMSE values of 0.44 for 
both cowpea and pearl millet combined, but with 0.58 and 0.37 for cowpea and pearl millet 
individually (Table 3). While higher pearl millet yields were captured by the model overall, 
it seemed to have difficulties reproducing large yields for high plant-density sole crop 
conditions. Importantly, cowpea yields were still simulated with a RMSE of 322 kg ha-1, 
but against a low observed average of 555 kg ha-1.  
While model accuracy was not high for biomass (high relative nRMSE values of around 
0.55), the IA emphasised the effectiveness of the model, with 0.91, 0.91, and 0.88 for both 
crops, pearl millet, and cowpea, respectively (Table 3), which captured the dynamics of 
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plant growth. Model efficiency values of 0.68, 0.69, and 0.68 confirmed solid model 
performance (Table 3). 
 
 
Figure 4. Simulated (x-axis) versus observed (y-axis) grain yield for cowpea and pearl millet 
sole crops and intercropped stands with high, 33, and low, 17 plants per m-2 planting densities 
in Patancheru - plots top and bottom respectively. Colours represent the cropping system; and 
shapes the weekly irrigation treatments: severe, until pearl millet flowering (circles), partial, 




Cowpea biomass yield predictions were particularly accurate under the severe stress 
treatments at both high and low plant-densities, but worsened over time as water supply 
increased. This trend can also be seen for pearl millet sole crop in 2016 with both plant-
densities. The model clearly simulated the impact of intercropping, and the resource 
competition that occurs, as pearl millet biomass was lower when intercropped compared to 
when grown as a sole crop (Figure 5). 
 
 
Figure 5. Simulated lines and observed points for biomass over time (Julian days) in Patancheru. Represented 
treatments, from left to right, are intercropped cowpea and pearl millet 2015, cowpea sole crop 2016, pearl 
millet sole crop 2016, and intercropped cowpea and pearl millet in 2016. The right-hand side y-axis identifies 
both high, 33, and low 17 plants per m-2 planting densities; and weekly irrigation treatments: severe, until 





Figure 6. Simulated lines and observed points of the leaf area index shown over time (Julian days) in 
Patancheru. Represented treatments are intercropped cowpea and pearl millet 2015, cowpea sole crop 2016, 
pearl millet sole crop 2016, and intercropped cowpea and pearl millet 2016. The right-hand side y-axis 
identifies both high, 33, and low 17 plants per m-2 planting densities; and weekly irrigation treatments: severe, 





Table 3. Model validation: mean observed value, mean simulated value, root mean square error (RMSE), 
RMSE normalised to the observed mean (nRMSE), Model Efficiency (EF) and the Willmott Index of Agreement 
(IA). 




RMSE nRMSE EF IA 
Biomass (both crops) kg ha-1 144 1836 1872 1020 0.55 0.68 0.91 
Cowpea biomass kg ha-1 72 1695 1215 924 0.54 0.68 0.88 
Pearl millet biomass kg ha-1 72 1977 2528 1100 0.56 0.69 0.91 
Yield (both crops) kg ha-1 36 918 808 402 0.44 0.60 0.87 
Cowpea yield kg ha-1 18 555 479 322 0.58 0.22 0.64 
Pearl millet yield kg ha-1 18 1280 1137 469 0.37 0.46 0.83 
LAI intercrop stands - 66 1.72 2.37 1.10 0.64 0.06 0.75 
LAI cowpea sole - 30 2.59 1.61 1.32 0.51 0.28 0.75 
LAI pearl millet sole - 30 1.03 1.36 0.53 0.51 -1.19 0.66 
Pearl millet height mm 102 567 653 176 0.31 0.72 0.94 
Cowpea height mm 102 287 164 154 0.54 0.07 0.75 
Soil water * mm mm-1 126 0.15 0.18 0.04 0.28 0.22 0.73 
* Contains measurements from layers 0-150, 150-300, 300-450, and 450-600 mm (see Figure 8). 
The dynamics of LAI were simulated well by the model, with an IA value for 
intercrop stands of 0.75 (Table 3). Simulated LAI was low for cowpea and more accurate 
for pearl millet (Figure 6). Simulations for sole crop cowpea 2016 for the severe stress, high 
plant-density treatment captured the effect senescence had on LAI, as values peaked around 
Julian day 80 and declined as the crop neared maturity. This trend was also seen for the 
same treatment at the low plant-density, although the values and peaks were not as high. 
For all sole crop cowpea 2016 treatments, LAI peaks were accurately captured in terms of 
the stage of the season. There was little difference between observed and simulated partial 
and well-watered LAI values for all 2016 densities and systems. Simulated intercrop LAI 




Figure 7. Simulated lines and observed points of the main stem height (mm) shown over time (Julian days) in 
Patancheru. Represented treatments are intercropped cowpea and pearl millet 2015, cowpea sole crop 2016, 
pearl millet sole crop 2016, and intercropped cowpea and pearl millet 2016. The right-hand side y-axis 
identifies both high, 33, and low 17 plants per m-2 planting densities; and weekly irrigation treatments: severe, 
until pearl millet flowering, partial, until cowpea flowering, and well-watered, until two weeks after cowpea 
flowering. 
The model simulated pearl millet stem height accurately with a nRMSE value of 
0.31, EF of 0.72 and a IA value of 0.94 (Table 3). Figure 7 highlights the solid model 
simulations for both cowpea and pearl millet sole crops. Although in general all treatments 
were simulated well in this instance, sole crop cowpea 2016 simulations were better at low 
plant-density towards the end of the season compared to those for high plant-density 
treatments. For the intercrop treatments in general, the competition from pearl millet was 
simulated as having a greater impact on cowpea height than observed (Figure 7). With a 





Figure 8. Simulated (x-axis) versus observed (y-axis) volumetric water content of soil water layers 0-150, 150-
300, 300-450, and 450-600 mm for the experimental site in Patancheru. Represented treatments are cowpea 
sole crop 2015, pearl millet sole crop 2015, and intercropped cowpea and pearl millet 2016. The right-hand 
side y-axis identifies both high, 33, and low 17 plants per m-2 planting densities; and weekly irrigation 
treatments: severe, until pearl millet flowering, partial, until cowpea flowering, and well-watered, until two 
weeks after cowpea flowering. 
 
3.3.2 Simulation experiment: sensitivity analysis of plant height 
The simulation experiment examined the effects of plant-density, water supply, and 
varying plant height on sole crop and intercrop pearl millet and cowpea yields. Total yield 
increased with water supply and maximum pearl millet height, with the highest yield at 2500 






Figure 9. Heat map of total intercrop cowpea plus pearl millet grain yield (kg ha-1) response to maximum 
pearl millet and cowpea height (mm) for all simulated treatments averaged over a 31-year period. These 
include low, 17, and high 33 plants per m-2 planting densities; and weekly irrigation treatments: severe, until 
pearl millet flowering, partial, until cowpea flowering, and well-watered, until two weeks after cowpea 
flowering. Red represents low yield and green high yield.  
Pearl millet yield, which increased with water supply and pearl millet plant height 
in excess of cowpea height, drove total intercrop yield (Figure 9 and 10). Most importantly, 
the total yield followed pearl millet yield, indicating that pearl millet was the driver of 
system productivity. Pearl millet yielded substantially higher with increasing water supply. 
Cowpea yield varied from 500 to 1200 kg ha-1 and was less affected by treatments than pearl 
millet. Crucial for higher pearl millet and total yield - in addition to sufficient water supply 





Figure 10. Individual yields (kg ha-1) of cowpea (grey), pearl millet (orange), and intercrop total yield (blue) 
for all simulated treatments. These include low, 17, and high 33 plants per m-2 planting densities; and weekly 
irrigation treatments: severe, until pearl millet flowering, partial, until cowpea flowering, and well-watered, 
until two weeks after cowpea flowering. Each point represents a simulation scenario according to simulated 
height differences between pearl millet and cowpea. Note: actual height may differ from maximum plant 
height, as the plant does not achieve maximum height in each simulation, but is the result of stem growth, 
which is limited by resource supply in a given season. Lines represent the predicted relationship between 
actual height difference and yield computed by the geom_loess function (Wickham, 2016). The vertical dashed 
line that runs from 0 to the top of each plot highlights the points at which both intercrop components are the 
same height and there is ‘0’ difference between the heights of the two crops. 
 
3.4 Discussion 
This study evaluated the crop model APSIM for pearl millet-cowpea intercropping, 
and explored the effect of simulated plant height on pearl millet and cowpea grain yields. 
Such investigations are part of an overall aim to improve the understanding of intercropping 
limitations and provide insights into the mechanisms of varied parameters and how they 
influence cultivar traits and ultimately intercropping performance. 
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3.4.1 Model performance 
Generally, yield dynamics were captured well by APSIM (IA of 0.87 for both crops), 
but were better captured for pearl millet than cowpea, with values of 0.83 and 0.64, 
respectively (Table 3). The poor cowpea simulations inevitably reduced the accuracy of 
model predictions for intercrop treatments as a whole (Figure 3). Chimonyo et al. (2016) 
found the cereal component of their cereal-legume intercrop system (sorghum-cowpea) to 
be more accurately captured by APSIM. This emulates the findings of this study, albeit with 
a different cereal species, pearl millet. This potentially highlights two things: APSIM, and 
perhaps crop models in general have largely focussed on cereals in the past; and that 
legumes, cowpea in particular, can be unstable and highly sensitive to environment and 
management (Nelson et al., 2018). However, legumes - and multi-species systems - are 
promoted as important for our landscapes and food production systems (Franke et al., 2018; 
van Loon et al., 2018; Ngwira et al., 2012), increasing the need for detailed data that will 
help to accurately develop such models. Nonetheless, intercropping dynamics were 
generally well captured by APSIM, as both simulated and observed values showed how 
pearl millet yield and biomass production was compromised through competition from 
cowpea (Figure 4 and 5). Moreover, this lack of legume stability, and therefore 
predictability, emphasises the need to quantify scientific findings. 
Key to this study is the way the model captured the dynamics of biomass 
observations, with high IA values at 0.91, 0.91, and 0.88 for both crops, pearl millet, and 
cowpea, respectively (Table 3). Both cowpea and pearl millet biomass production was lower 
when intercropped compared to sole crop equivalents (Figure 5). Chimonyo et al. (2016) 
reported inaccurate cowpea yields and biomass, whereby an over-estimation of yield was 
linked to an over-estimation of biomass. This study however slightly underestimated 
cowpea biomass, but more so in the high-water supply treatments (Figure 5). Under severe 
stress treatments (those that received the least water), at both high and low densities, both 
crops, but particularly cowpea, were well simulated for biomass development (Figure 5). 
There was little difference between the partial and well-watered treatments in terms of total 
water supply. It was therefore not surprising to see similarities between the inaccuracies of 
partial and well-watered biomass simulations (Figure 5). Clearly, APSIM was unable to 
capture the boost in above-ground vegetation production at later growth stages (Figure 5). 
Height was simulated especially well for pearl millet, with nRMSE and IA values of 0.31 
and 0.94, respectively (Figure 7 and Table 3). The same can also be argued for cowpea, 
especially as a sole crop, although there were some deviations for intercropped cowpea 
height (Figure 7). Observations clearly demonstrated that the cowpea cultivar Russian Giant 
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outcompeted the pearl millet more than the model simulated (Figure 5). The model 
underestimates yield performance of pearl millet high plant-density for sole crop conditions 
(Figure 4). One reason may be that the model has not been sufficiently tested for the higher 
densities, which might result in different growth patterns.  
Trends found in simulated grain and biomass yields can be partly explained by 
canopy development. This data set confirmed key insights into cowpea biomass shortfalls 
(Figure 5), as they were mirrored by the LAI of sole crop cowpea 2016 (Figure 6), but not 
stem height (Figure 7). However, it should be noted that while cowpea LAI was under-
simulated, values were still high and certainly represent a closed canopy, regardless of the 
poor fit to observations. A comparison with LAI values reported in Chimonyo et al. (2016) 
highlights inconsistencies, as their sorghum-cowpea intercrop system was over-estimated 
by 36% and 15% for sorghum and cowpea, respectively. However, this was explained by 
late planting for experiments in 2013/14 that resulted in inadequate photoperiods and 
growth-suppression (Chimonyo et al., 2016).  
Due to the nature of the short growing season, the water treatments partial and well-
watered received similar water supplies (Nelson et al., 2018). Simulations found very little 
difference between observed values under the partial and well-watered treatments (Figure 5 
and 6), which highlights the model’s usefulness, albeit inaccurate in the final stages of high-
water input systems. Final biomass and grain yield were well-simulated under the severe 
water deficit stress, agreeing with Chimonyo et al. (2016). 
 
3.4.2 Model improvement 
While model simulations in this study were reasonable, in particular by capturing 
intercropping effects, there is room for improvement for the individual modelling of cowpea 
and pearl millet. Chimonyo et al. (2016) discussed APSIMs leaf area development model 
as a sigmoidal function of thermal time (Brown et al., 2014) as inconsistent with their 
findings, which followed more of a power function form. Our study supports this argument 
for cowpea (Figure 6), which resulted in initial under-estimation, also observed for APSIM 
wheat (Garrido et al., 2013). While this might not be true for parameters such as height, 
inaccurate leaf area has knock-on effects in terms of potential radiation capture and therefore 
biomass and yield production. The simulation of cowpea canopy development is an 
important area for APSIM improvement (Akinseye et al., 2017) that should be supported 
due to the ease at which it can be measured in the field.  
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Leaf area index measurements illustrate plot-wise canopy cover, but not that of the 
individual crops when intercropped (Figure 6). While this means no decisive conclusions 
could be made for the intercropping treatments, as the ratios of cowpea and pearl millet that 
made up the intercrop LAI could not be quantified, analysis of LAI values for cowpea and 
pearl millet as sole crops offers insight into the under-estimation of intercrop treatments. 
Sole crop cowpea simulations were not in-line with observations (Figure 6). In 2016, 
intercrop simulations versus observations tend to have mirrored whatever happened in the 
sole crop cowpea treatments (Figure 6), perhaps as cowpea plants typically have a higher 
LAI compared to pearl millet. This is particularly the case in our study, as the pearl millet 
cultivar used was bred to be short and should result in a more favourable harvest index (HI). 
Future experiments could measure the LAI of the pearl millet canopy above the lower 
cowpea canopy, and the LAI of the cowpea canopy, with measurements just above the soil 
surface. Although the lowest radiation interception measurements would be influenced by 
the lower canopy and that of the taller crop, this would offer insight into canopy structures 
and plant competition for light.  
The model showed similar trends across all water treatments and simulations became 
less accurate as water supply increased (Figure 5 and 6). It is rare to run field trials in hot 
off-season conditions combined with high water supplies. This could help explain the sub-
optimal model performance, as such scenarios have rarely been tested, especially for 
cowpea. Inaccuracies in biomass and LAI in the higher water treatments occurred towards 
the end of the growing season, where APSIM simulated senescence, contrary to 
observations (Figure 5 and 6).  
The APSIM cowpea model initiates leaf senescence due to age, light competition, 
water stress, and frost; a fraction of the oldest green leaf dies each day after flowering. Light 
competition causes leaf area loss with LAI values above 4.0 only - which was not reached 
for sole crop cowpea treatments - water was well supplied, and there was no frost. 
Senescence due to age was the only possible cause (Robertson et al., 2002). While this is 
visible from the model simulations, observations under partial and well-watered irrigation 
treatments showed no sign of senescence (Figure 6). Age-based senescence is calculated 
from daily thermal time, which was high in this experiment due to the heat and radiation 
exposure of the off-season. Its occurrence was in-line with very high temperatures in 2016 
(Nelson et al., 2018). While extreme conditions have rarely been tested, it is clearly 
important for model development when they are to be used to investigate climate variation 
and temperature rise. In terms of pearl millet, the model underestimated yields for high 
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plant-densities (Figure 4), highlighting the need for pearl-millet plant-density 
experimentation. 
 
3.4.3 Understanding the mechanisms underlying pearl millet-cowpea intercropping 
performance: a case study for plant height 
Intercropping dynamics are still not sufficiently understood; a limitation that 
hampers crop model development. The intercropping module in APSIM is one of the few 
attempts to use a single point model to simulate intercropping, with few notable exceptions 
(Brisson and Bussiere, 2004; Chimonyo et al., 2016; Tsubo et al., 2005). Some claim point 
models are not well suited to model intercropping scenarios, which could benefit from 
spatially aware 2D or 3D approaches (Gaudio et al., 2019). While the model validation 
showed that there is still a substantial amount of error in model simulations (Table 3), 
APSIM was able to capture the effect of intercropping in the low yielding environment of 
the study site with complex production limitations – this may be beyond the capabilities of 
more complex models. The simulation experiment is a first attempt to quantify the 
interaction effects of crop specific differences in height on intercropping canopy 
development and yield performance. This exercise found that when pearl millet was slightly 
taller than cowpea (100 to 200 mm), substantially higher yields ensued - although this was 
not pronounced under water stress (Figure 10). Additional pearl millet height increases did 
not result in substantial yield gain. Clearly, the model demonstrated that in order to achieve 
high total yield, pearl millet must dominate canopy development and should not be shaded 
by cowpea. However, this simulation-derived hypothesis requires field-based evaluation. 
So far, additional height increments were not met with a cost in the model, as it is 
simply a function of stem weight and maximum height. However, in the real world, taller 
plants require more assimilates, typically resulting in lower HI ratios and plants that are 
increasingly susceptible to lodging. Measuring the allocation of assimilates for different 
cultivars and evaluating the structural stability of the plant might help to improve its 
function and parameterisation in APSIM. 
 
3.4.4 Conclusion 
This study contributes towards quantifying the role of plant height differences in 
pearl millet-cowpea intercropping systems, providing insightful information for the 
development of ideotype intercrop systems for farmers. Intercrop yield was led by pearl 
millet yield, which was maximised under adequate soil water availability when 100 to 200 
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mm taller than cowpea. Cowpea yield was minimally affected by a taller pearl millet 
intercrop - the cereal must be dominant to optimise total intercrop yield.  
Field-based experimentation should further test the impact of light competition on 
intercrop system performance, potentially implemented genetically through 
experimentation with cereal-legume genotypes that vary the expression of traits like height, 
or through management, via plant-density for instance. Crop model performance 
highlighted the need to run field trials for crop model imporvement in extreme heat 
scenarios, with special attention paid to leaf dynamics. 
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CHAPTER FOUR  
What determines a productive winter bean-wheat genotype combination for 
intercropping in central Germany?3 
 
4.1 Introduction 
Cereal-legume intercropping is seen as one approach that could help achieve a more 
sustainable agricultural landscape (Fletcher et al., 2016). This is in part due to the potential 
for higher yields when compared to sole crop equivalents (intercrop performance compared 
with that of the two sole cropped species on the same area of land) especially when external 
inputs, such as nitrogen (N) fertilisers are excluded (Bedoussac and Justes, 2010; Malézieux 
et al., 2009). Intercropping yield advantages are referred to as the ‘mixing effect’ (Hof-
Kautz and Rauber, 2003) or ‘overyielding’ (Li et al., 2011; Li et al., 2014; Streit et al., 2019) 
and are typically related to the complementary use of resource niches and tend to be higher 
under stress (Fargione and Tilmann, 2005; Hector et al., 2002). For example, root length 
density enhancement (Schröder and Köpke, 2012) might contribute to overyielding, or a 
complex canopy structure might do so via the establishment of more favourable micro-
climates that potentially reduce soil moisture evaporation (Tsubo et al., 2004). Cereal-
legume intercrops are therefore at their most efficient, i.e. have the highest potential for 
overyielding, in low input environments. A well-known example of such a system is the 
ancient maize-bean-squash polyculture of Mesoamerica that takes advantage of 
complimentary canopy development through the establishment of various leaf layers for 
light interception (Postma and Lynch, 2012). This would suggest that complimentary winter 
bean-wheat intercropping combinations could be conceptualised by canopy development 
whereby the faba bean covers the soil, and the wheat grows as a tall erect plant.  
 Production advantages, be they yield or resource use efficiency based, can 
also be explained through the notion that two different crop species may not simultaneously 
compete for the same resources (Hauggaard-Nielsen and Jensen, 2001). Several studies 
have highlighted the fact that in general, cereals tend to be more reliant on soil inorganic N 
(Jensen, 1996) compared to legumes – cereals do not have the alternative N-source that 
legumes have through symbiosis (Hauggaard-Nielsen et al., 2003). This forces the 
intercropped legume to rely more than its pure stand on symbiotic N2 fixation to form 
ammonia (NH3) (Hauggaard-Nielsen and Jensen, 2001). 
                                               
3 This chapter is under review as W.C.D. Nelson & D.J. Siebrecht-schöll, M.P. Hoffmann, R.P. Rötter, A.M. Whitbread, 




For many decades most arable crops have been bred with sole cropping in mind, 
hence the breeding results may not necessarily be optimal for intercropping (Hauggaard-
Nielsen and Jensen, 2001). While research has indeed looked at ‘niche complementarity’ 
for spring crops, little information is available for crops sown in autumn, i.e. winter crops 
(Bedoussac and Justes, 2010). The development of a truly efficient winter intercrop is 
therefore unique. In a recent review on intercropping, Brooker et al. (2015) argued that plant 
breeding, and experimentation with crop combinations is likely to have the highest potential 
to increase the resource-use efficiency of intercrops.  
The typical sowing period for legumes like pea or faba bean for northern Europe is 
spring, especially in Germany and further east where harsher winters prevail (Jensen, 
Peoples, and Hauggaard-Nielsen, 2010); the main danger for autumn-sown pulses being 
winter kill (Link, Balko, and Stoddard, 2010). However, research has shown recent success 
towards more winter-hardy faba bean germplasm (Ali et al., 2016; Arbaoui and Link, 2007; 
Flores et al., 2012; Landry et al., 2015; Landry et al., 2016). There are many advantages of 
winter legumes over the spring types, which are mainly sown in spring to avoid frost damage 
(Flores et al., 2012). Their head start in terms of below-ground biomass development means 
that substantial growth can be achieved even before spring types have become well-
established. Autumn-sowing also intends on making better use of the moisture available 
during the winter months, potentially avoiding drought later in the season – a particular 
threat for grain yield stability (Flores et al., 2012; Khan et al., 2010). 
Intercropping will be judged as successful not only if total grain yield of the intercrop 
stand is higher than the sole equivalent, but also bearing in mind the complementarity of the 
two intercropped species. Intercrop complementarity can be determined by improved N and 
water use efficiency, as well as above- and below-ground biomass distribution, and is 
therefore often linked to low input cereal-legume cultivation (Pristeri et al., 2006). The 
integration of grain legumes, such as faba bean, into such rotations has thus been proven 
successful when intercropped with wheat (Hof-Kautz et al., 2007; Pristeri et al., 2006).  Our 
study builds on this research and aimed to evaluate the interactions between three winter 
wheat varieties and eight winter faba bean genotypes (experimental inbred lines) sown as 
sole and intercrop stands. This is in-line with recent calls for plant breeding programmes to 
develop crops for specific systems (‘system’ used as generic term for sole cropping and 
intercropping) (Varshney et al., 2018). While the overyielding of intercrop stands is well-
known, our study aimed to contribute towards explaining why, i.e. what leads to high 
overyielding and, more generally, what makes high total grain yield performance of 
intercrop stands (bean+wheat). This study looked at key agronomic traits, such as leaf area 
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index (LAI), and plant height over three seasons of field trials on two separate sites in central 
Germany with contrastingly different soils. 
 
With the above in mind, the following hypotheses were formulated: 
(1) Intercrop stands lead to higher yield compared to sole stand equivalents (higher than the 
average of the corresponding sole crops). 
(2) Intercrops perform better under marginal soil conditions than on soils that offer deeper 
rooting, and more water and higher N supply.  
(3) There is a genotype effect on the yield performance of the intercrop stands related to 
canopy development and functional traits. 
 
4.2 Materials and methods  
4.2.1 Site conditions 
The field experiment was conducted at two experimental stations of the Georg-
August-Universität, Göttingen in Niedersachsen, Germany. Reinshof, at 51°29´N, 9°55´E, 
at 157 m above sea level (ASL), and Deppoldshausen at 51°34´N, 9°58´ E at 342 m ASL. 
The general climate can be characterised as maritime to continental, with higher rainfall in 
the summer months. Annual rainfall averages 630 mm for the Göttingen area (Deutsche 
Wetterdienst (DWD, German Weather Service) records 1961-2016). Average annual 
rainfall during the experimental period (2014-17) was 637 mm and 592 mm for Reinshof 
and Deppoldshausen, respectively (Heshmati et al., 2020). 
Field trials were conducted over the course of three seasons, 2014-15, 2015-16 and 
2016-17 on the above-mentioned sites. Reinshof is located in a valley and characterised as 
a Gleyic Fluvisol (WRB). Top soil contained 21 % clay, 11 % sand, and 68 % silt in the Ah 
horizon. Deppoldshausen is located on a hill where the soil is shallow at 30 to 40 cm in 
depth and high in rock content. The marginal soil of this site has an Ah horizon of 25 cm 
depth and is characterized as a Calcaric Leptosol. The clay content is higher with 34 % clay, 
2 % sand, and 55 % silt (Heshmati et al., 2020). Figure 1 showcases examples of the two 





Figure 1. Soil profiles of Deppoldshausen (i) and Reinshof (ii). The ruler within the soil 
profile pits highlights the shallow (Deppoldshausen, 0-40 cm) and deep (Reinshof, 0-100 
cm) characteristics of each soil. 
 
4.2.2 Genetic material and experimental design 
Eight non-released winter faba bean (Vicia faba L.) genotypes and three released 
winter wheat (Triticum aestivum L.) varieties were used for this experiment. Winter faba 
bean genotypes (experimental inbred lines) were chosen from the NPZ (Norddeutsche 
Pflanzenzucht Hans-Georg Lembke KG, Hohenlieth, Germany) breeding programme and 
that of the department for Crop Sciences, University of Göttingen (Roth and Link, 2009). 
They were chosen because of their potential differences in plant height, grain yield, as well 
as their physiological stage development, such as start of flowering, and time to maturity 
(Table 1). The three winter wheat varieties were released from European breeding 
companies that were part of the German Seed Alliance. Genius (Ta1) and Boxer (Ta2) were 
line varieties, and Hybery (Ta3) a high yielding hybrid variety. These wheat varieties were 
chosen because of their resistance against major pathogens, such as fusarium and mildew, 
as well as known further agronomic differences, such as plant height and seed protein 




Table 1. Winter faba bean genotypes included in the experiment with some known characteristics phenotyped 








Vf1 S_004-1-6 Medium tall, low tillering, late flowering, medium maturing, high yielding 
Vf2 S_062-2-2 Very short, high tillering, medium early flowering, medium maturing 
Vf3 S_069-1-1 
Very tall, medium tillering, medium late flowering, medium maturing, high 
yielding 
Vf4 S_265-1-1 Very tall, very high tillering, medium early flowering, medium maturing 
Vf5 Hiverna/2-5-1 
Medium tall, low tillering, medium early flowering, low yielding, pure line 













Medium tall, medium tillering, late flowering, late maturing, high yielding, 
sibling of former cv. Nordica 
 
 
For detailed trait assessment, different sets of entries were used due the large size of 
the experiment and consequential budget constraints. The full set of entries (FSE) included 
all winter faba bean genotypes and winter wheat varieties grown as sole crops and all 24 
intercrop stand combinations between the eight winter faba bean genotypes and three winter 
wheat varieties. Grain yield is reported from the FSE. The reduced set of entries (RSE) 
included all winter faba bean genotype sole crop stands and all sole crop stands of one of 
the winter wheat varieties (Genius, Ta1), as well as all eight intercrop stand combinations. 
Winter wheat variety Ta1 was chosen to be part of the RSE because of its medium height, 
high N-uptake capacity, low susceptibility to mildew and rather stable yields 
(Bundessortenamt, 2015). Winter wheat varieties Ta2 and Ta3 were not included in the 
RSE. Results for LAI, plant height, and lodging, as well as soil measurements are shown 
from the RSE stands alone.  
The field trials conducted were part of the IMPAC³ project (https://www.uni-
goettingen.de/de/528191.html) and set up as a split-plot design with four blocks (replicates), 
which were further divided into four areas to enable annual rotation. Winter rye was grown 
on 75 % of the block areas set aside for each season – while rye grain yield was taken from 
the field, rye straw was tilled into the soil. The main plot factor was defined by the eight 
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winter faba bean genotypes and the split-plot factor was defined by the cropping system 
(sole crop, and intercrop). The eight winter faba bean genotypes and three winter wheat 
varieties were grown in sole stands and in alternating row intercrop stands. This resulted in 
160 stands per site, and therefore 320 plots per season (Siebrecht-Schöll, 2019). Each stand 
covered a total area of 27 m2 to allow for various samples and measurements. 
In intercrop stands, each of the species was sown at 50 % of its sole stand seed 
density (replacement or substitutive intercrop design). Faba bean sole stands were sown 
with 40 seeds per m2 and wheat sole stands with 320 seeds per m2. Intercrop stands were 
sown with 20 faba bean seeds per m2 and with 160 wheat seeds per m2. The between row 
distance was 22.5 cm for all stands - seeds were untreated. Stands were sown with 12 rows. 
Bean-wheat intercrop components (intercropped faba bean and wheat seed) were 
sown simultaneously, along with the equivalent sole crop stands, between the 30th of 
September and the 29th of October, depending on the season (Table 4 appendix). The last 
N fertiliser application took place in 2013 on both sites. The rotation crop prior to this 
experiment was conventional winter wheat in Reinshof, and oilseed rape in 
Deppoldshausen. Although crops in this experiment were not fertilised with N, fungicides 
and insecticides were used when there was a serious threat of crop stand failure. In this 
instance, all crops were treated. Herbicides were used pre-emergence and manual weeding 
conducted within the vegetation period. 
 
4.2.3 Plant and soil sampling 
A combine harvester was employed from the 9th and the 20th of August (Table 4 
appendix) to harvest a central stand size of 10.5 m² consisting of six rows with three buffer 
rows left at either side of each stand. In addition to this grain yield, crop phenology was 
monitored using the BBCH scale. Plant height of each species and stand-wise LAI using an 
AccuPAR LP-80 ceptometer was measured for the RSE (all eight bean genotypes, and the 
Ta1 wheat variety). Leaf area index was measured four times during the key vegetative 
production phases in each season, between April to the end of July. Plant height was 
measured four times within the vegetation period (before flowering, start of flowering, full-
flowering, and after flowering of the winter faba beans). The mean of ten representative 
plants per stand was used for the analysis. Lodging was scored as and when it occurred on 
a scale of zero to nine, representing no lodging, and severe lodging, respectively. Scores 
were made per specie per stand – in intercrop stands, bean and wheat were scored separately. 
Lodging score dates were as follows: 10th of July 2015 (both sites), and the 30th of July for 
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Reinshof only (as second scoring date); 27th May 2016 and the 28th of May 2016, 
Deppoldshausen and Reinshof, respectively; and the 4th of July 2017 (both sites). 
Soil sampling for soil water and mineral N content (Nmin) was conducted manually 
at full-flowering and one day after harvest (Table 4 appendix) using a soil auger. Soil 
samples were only taken in the first and second seasons of experimentation (2014-15 and 
2015-16). Due to the nature of the soil profiles at the two sites, soil sample depth differed, 
going to a depth of 0-90 cm in Reinshof, divided into three 30 cm layers, and 0-30 cm in 
Deppoldshausen (Figure 1). Three soil core samples were taken for each stand sampled and 
layers mixed in a bucket from which two sub-samples (one for soil water, one for Nmin) were 
taken for analysis. Soil water sub-samples were weighed directly in the field, dried in ovens 
at 105 °C for 48 h and weighed, and Nmin sub-samples directly stored in cool boxes before 
being transported to a soil laboratory for photometric Nmin analysis (Flow Solution III, 
Alpkem, Wilsonville, Oregon), the CaCl2 method (VDLUFA, 1991). Extractable soil water 
availability (Figure 9) was calculated using the soil water measurements described above 
together with the soil-specific lower limit and bulk density values derived from the 
Niedersächsischen Bodeninformationssystems (Lower Saxony Soil Information Systems, 
NIBIS: https://www.lbeg.niedersachsen.de/kartenserver). 
 
4.2.4 Data analysis 
Results were first checked to ensure the normal distribution of the residuals before 
identifying significant differences between groups. The effects of system (intercrop or sole), 
site (Reinshof or Deppoldshausen), and genotype on yield and physiological traits were 
analysed using linear models (R, version 3.4.3; plotted using ggplot2). Data was analysed 
separately based on fixed effects: system, genotype, and site (dependent on the level of 
analysis and question). P-values are presented in detail where the following significance 
codes apply: 0.1 % (0.001) ‘***’, 1 % (.01) ‘**’, and 10 % (.1) ‘*’. When models showed 
significance, a post-hoc test (Tukey, adjusted for multiple comparisons using the Holm 
method) was applied to identify differences between groups. For the traits LAI and plant 
height, maximum values were used for analysis. For example, LAI measurements were 
taken four times within the vegetative period for each season. The maximum mean values 
were taken – maximum values among the four time-assessments, per entry and per season-
site combination, and after calculating means across the four replicates. These maxima were 




4.3.1 Yield  
Total yield was significantly higher for intercrop stands compared to sole 
equivalents in both sites. The highest yields for both intercrop and sole stands were in 
Reinshof (Figure 2). The difference between intercrop and sole stands, however, was 513 
kg ha-1 greater (983 > 470) in Deppoldshausen than in Reinshhof; Deppoldshausen is the 
more marginal site in terms of soil conditions (Table 2; Figure 9). 
 
Figure 2. Total intercrop yield (bean+wheat) of all 24 FSE combinations, compared to their equivalent sole 
stand means for both sites across all three seasons. The three horizontal lines indicate the 75 % percentile 
(up), median (solid line across boxes) and 25 % percentile yield (bottom); the upper and lower bars outside 
the boxes show the maximum and minimum values respectively. Significant differences (across all 
environments) are shown through the lower case letters. The isolated point is an outlier. 
Table 2. Within site system differences for yield, means across seasons. The system difference was significant 







Mean yield (kg ha-1) 
 
System difference (kg ha-1) 
 
Deppoldshausen Intercropping 3899 983 *** 
Deppoldshausen Sole 2916 
Reinshof Intercropping 4474 470 *** 
Reinshof Sole 4004 
 
There is an overall trend that the highest total intercrop grain yield (bean+wheat) 
was associated with high intercrop wheat yield (Figure 4). This is seen at both sites, although 
to a greater extent and with a high range at Reinshof. The correlation coefficients between 
total intercrop yield and intercrop wheat yield were r = + 0.69 (R2 = 0.47 ***) at 
Deppoldshausen and r = + 0.83 (R2 = 0.68 ***) at Reinshof. The highest yielding intercrop 
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stand was Vf2-Ta3 in Reinshof (5,324 kg ha-1), which was only the seventh highest yielding 
combination in Deppoldhausen (4,057 kg ha-1). Intercrop combinations Vf7-Ta3 (5,094 kg 
ha-1) and Vf3-Ta3 (5,021 kg ha-1) were second and third in Reinshof, respectively, which 
also ranked highly in Deppoldshausen in first (4,217 kg ha-1) and second (4,207 kg ha-1), 
respectively. The high-yielding intercrop combinations tended to involve the same bean 
genotypes, regardless of the wheat variety. Faba bean genotype Vf2 was often part of the 
highest yielding intercrop stands in Reinshof (Table 3).  
 
Table 3. Yield means across seasons for the top three performing intercrop stands for each of the three 
wheat varieties in each site. Yields are means of the four blocks. Yields of each intercrop component 
(i.e., bean yield, wheat yield) are given separately, as well as total intercrop yield (bean+wheat yield). 
Results are ranked per wheat component (Ta) and site according to total intercrop yield - highest (top), 
lowest (bottom). 
Site Combination Bean only yield Wheat only yield Total intercrop yield 
     Mean (kg ha-1)    
Deppoldshausen Vf7-Ta3 2151 2066 4217 
Deppoldshausen Vf3-Ta3 2355 1852 4207 
Deppoldshausen Vf5-Ta3 2043 2078 4121 
Reinshof Vf2-Ta3 1691 3633 5324 
Reinshof Vf7-Ta3 2207 2887 5094 
Reinshof Vf3-Ta3 2196 2825 5021 
Deppoldshausen Vf3-Ta2 2589 1474 4063 
Deppoldshausen Vf8-Ta2 2537 1429 3966 
Deppoldshausen Vf7-Ta2 2496 1432 3928 
Reinshof Vf3-Ta2 2707 2010 4717 
Reinshof Vf2-Ta2 1996 2691 4687 
Reinshof Vf1-Ta2 1993 2378 4371 
Deppoldshausen Vf2-Ta1 2267 1664 3931 
Deppoldshausen Vf3-Ta1 2510 1403 3913 
Deppoldshausen Vf7-Ta1 2583 1284 3867 
Reinshof Vf2-Ta1 2176 2337 4513 
Reinshof Vf7-Ta1 2853 1587 4440 







Figure 3. Total yield for each FSE combination for both sites. Total yield is shown from the highest (top) to 
the lowest (bottom). Bars represent means of four replicates (blocks) across three seasons. For intercrop 
combinations, the wheat and bean shares of the total intercrop yield are identified through the colours grey 
and black, respectively. 
A slight and insignificant positive association existed between intercropped faba 
bean yield in Reinshof and the total intercrop yield, if focussing on the mixtures with one 
wheat variety, i.e. with Ta1, Ta2, or Ta3 (Figure 10 appendix). The correlations were r = + 
0.40 (R2 = 0.16; p-value = 0.31), r = + 0.47 (R2 = 0.22; p = 0.23), r = + 0.19 (R2 = 0.03; p-
value = 0.64) when looking at mixtures with Ta1, with Ta2, and with Ta3, respectively. Yet, 
the correlation became slightly negative, r = - 0.30 (R2 = 0.095; p-value = 0.14) when 
looking across all 24 mixtures (all three wheat varieties together), mainly due to the high 
yields of wheat variety Ta3 (Figure 10 appendix). This trend was also visible in 
Deppoldshausen, although to a lesser extent compared to Reinshof. The correlations for 
Deppoldshausen were r = + 0.140 (R2 = 0.020; p-value = 0.74), r = + 0.834 (R2 = 0.696 
**), r = + 0.519 (R2 = 0.269; p-value = 0.19) when looking at mixtures with Ta1, with Ta2, 
and with Ta3, respectively. The correlation became slightly negative, r = - 0.139 (R2 = 
0.019; p-value = 0.52) when looking across all 24 mixtures. Note: the terms ‘bean only’ or 
‘wheat only’ are used to refer to that specific crop’s result in the intercrop stand. Bean only 
yields of intercrop stands were, as expected, negatively correlated with wheat only yields of 
intercrop stands. Based on the means across replicates, these correlations were, r = - 0.85 
(R2 = 0.72 ***) and r = - 0.92 (R2 = 0.84 ***) in Deppoldshausen and Reinshof, 
respectively. Correspondingly, in both sites, increases in the wheat only yields were 
associated with increased total intercrop yield, with values of r = + 0.69 (R2 = 0.47 ***) 
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and r = + 0.83 (R2 = 0.68 ***) for Deppoldshausen and Reinshof, respectively. The positive 
association between wheat only yield and total intercrop yield was stronger and more 
consistent than the negative association between bean only yield and total intercrop yield. 
 High bean only yields at Deppoldshausen were only as high as average bean 
only yields at Reinshof. High wheat only yields at Deppoldshausen corresponded to below 
average levels at Reinshof (Figure 4). Total intercrop yield was high when wheat crops were 
vigorous and beans rather weak. 
 
 
Figure 4. Bean only (top) and wheat only (bottom) yield within intercrop stands and total intercrop 
(bean+wheat) yield (kg ha-1) for both sites, across all three seasons. Points represent the means of four blocks. 
While the eight faba bean genotypes are shown through colour, the three wheat varieties they are intercropped 




4.3.2 Physiological traits: leaf area index, plant height and lodging 
There was a strong positive correlation between the stand-wise intercrop and sole 
bean LAI values across seasons in both sites, with values of r = + 0.98 (R2 = 0.96 **) and r 
= + 0.80 (R2 = 0.64 **) for Deppoldshausen and Reinshof, respectively (Figure 5). Leaf 
area index ranking, i.e. low, medium, and high was the same in Deppoldshausen and 
Reinshof, although at different levels, i.e. there was a clear site effect, yet little genotype x 
site effect. Similar to the pattern of yield (Figure 4), a high intercrop LAI (y-axis) level in 
Deppoldshausen meant a low intercrop LAI level in Reinshof. 
 
 
Figure 5. Maximum intercrop (bean+wheat) LAI correlated with maximum sole bean LAI. Leaf area index 
measurements were taken four times within the vegetative period of each season from four blocks. The points 
were calculated from the highest (maximum) LAI of those four time points, being specific for each season, and 
averaged across the three seasons. 
In Deppoldshausen, the higher the LAI the lower the total intercrop yield, whereas 
Reinshof showed no clear tendency (Figure 6). Yield was highest in Reinshof (Vf2-Ta1), 
albeit with the genotype combination that produced the second lowest LAI in that site. Total 
intercrop yield in Reinshof did not increase with LAI increments. 
Intercrop combination Vf2-Ta1 had one of the lowest LAI values, third in 
Deppoldshausen and the highest total intercrop yield. The same intercrop combination had 
the second lowest LAI in Reinshof and again the highest yield (Figure 6). Faba bean 
genotype Vf2 was the shortest of the eight used. Intercrop combinations that exhibited the 





Figure 6. Intercrop (bean+wheat) LAI correlated with the respective total intercrop (bean+wheat) yields. 
Leaf area index measurements were taken four times within the vegetative period of each season; averages 
were then taken from the four replicates (blocks). The points represent the highest (maximum) of those means 
for each season, averaged across the three-season experiment. 
Wheat was taller than faba bean in the first season and third season in 
Deppoldshausen; in Reinshof in the third season only (Figure 7). In the second season, faba 
beans grew much taller than wheat in both sites, with an average difference of 17 cm and 
29 cm in Deppoldshausen and Reinshof, respectively. In this season, intercrop combination 
Vf2-Ta1 was the highest yielding in both sites for total intercrop yield with 4,421 (kg ha-1) 
and 4,461 (kg ha-1) in Deppoldshausen and Reinshof, respectively. This intercrop 
combination included faba bean genotype Vf2, which was consistently the shortest growing 
bean in all environments, i.e. these points are consistently the farthest to the right in each 
stand (Figure 7), indicating that there was the least height difference between the bean and 
wheat intercrop components. 
Wheat yields (squares) were higher than faba bean yields (circles) in season three 




Figure 7. Height difference between intercropped species in relation to the respective intercrop yield 
components: bean, total intercrop (bean+wheat), wheat. The vertical dashed line at '0' indicates zero 
difference between intercrop species’ height within intercrop stands. Points to the right of the dashed line 
indicate that wheat was taller than bean. Maximum heights were calculated as follows, with the example of 
bean: bean heights were taken in intercrop stands as means from four blocks, and at four sampling dates. The 
maximum bean height, used for this figure, was the highest bean height found in each season from the four 
sampling dates - the same was done for wheat. The height difference plotted is the difference between the 
maximum bean height minus the maximum wheat height. 
The eight faba bean genotypes lodged in the first, and third seasons with average 
scores of 1.69 and 3.90 (intercrop), and 2.75 and 2.00 (sole) in 2014-15 and 2015-16, 
respectively. Wheat sole crop stands lodged the least, with averages across all three seasons 
of 1.67 and 1.06 for wheat variety Ta1 in intercrop and sole crop stands, respectively. The 
extent of lodging in the first and third seasons did not impact yield. 
In the 2015-16 season, the average lodging score for the sole faba bean stands was 
4.97 and 6.72 for Deppoldshausen and Reinshof, respectively. Sole faba bean Vf8 lodged 
the most in both sites with scores of 7.25 and 8.50, respectively (Figure 8). The short 
growing faba bean Vf2 lodged the least in both sites with scores of 2.25 and 3.25, 
respectively - lodging scores of Vf2 were not high enough to negatively impact yield. The 
intercrop stands of these two faba beans lodged, with scores of 1.83 and 2.41 (Vf2), and 
4.58 and 7.50 (Vf8), in Deppoldshausen and Reinshof, respectively. The higher scores of 
faba bean genotype Vf8 caused a reduction of harvestable grain yield.  
There was a positive correlation between the canopy height of both intercrop and 
sole faba bean values and the severity of lodging in both sites, with values of r = + 0.62 (R2 
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= 0.39 **) and r = + 0.84 (R2 = 0.71 ***) for Deppoldshausen and Reinshof, respectively 
(Figure 8). There was also a positive correlation between the LAI and the severity of lodging 
in both sites, with values of r = + 0.85 (R2 = 0.73 ***) and r = + 0.62 (R2 = 0.39 *) for 
Deppoldshausen and Reinshof, respectively. As with canopy height, the faba bean 
genotypes with the lowest and highest lodging scores were similar to those with the lowest 
and highest LAI values in both sites. High lodging scores of the 2015-16 season were 
negatively correlated with yield (intercrop and sole), with values of r = - 0.88 (R2 = 0.78 
***) and r = - 0.68 (R2 = 0.46 **) for Deppoldshausen and Reinshof, respectively. 
 
 
Figure 8. Maximum intercrop (bean+wheat) (circles) and sole bean height (triangles) (cm) correlated with 
their respective lodging score (scale: 0 = no lodging; 9 = full lodging) for both sites (Deppoldshausen and 
Reinshof) and shown from one season (2015-16). Height measurements were taken four times within the 
vegetative period from four blocks. The points were calculated from the highest (maximum) height of the four 
points, and averaged. 
 
4.3.2 Soil water and nitrogen 
Reinshof had a much higher amount of extractable soil water than Deppoldshausen 
due to the root zone being three times deeper. Means values at full-flowering were 141 mm 
versus 18 mm and final harvest 158 mm versus 31 mm in Reinshof and Deppoldshausen, 
respectively (Figure 9). Reinshof was clearly the more fertile site in terms of physical and 
soil chemical properties, as shown by the large bean plants in this site indicated by the traits 
LAI, plant height, and lodging (Figure 5 to 8). Mineral N content at both sites was higher at 
harvest time compared to full-flowering - means of 16 increased to 24 (kg ha-1), and 10 to 
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15 (kg ha-1) in Deppoldshausen and Reinshof, respectively. Mineral N content was higher 
at both sampling dates in Deppoldshausen compared to Reinshof. 
 
 
Figure 9. Extractable soil water and Nmin content of all intercrop stands at full-flowering and final harvest for 
two seasons (2014-15 and 2015-16). For each site (Deppoldshausen and Reinshof) and sampling time (at full-
flowering and at final harvest) the extractable soil water and Nmin content of each layer (0-30, 30-60, and 60-
90 cm) was summed within each block (replicate), providing four replicate profiles. The three horizontal lines 
indicate the 75 % percentile (top), median (solid line across boxes) and 25 % percentile yield (bottom); the 
upper and lower bars outside the boxes extend to the maximum and minimum values respectively. The isolated 
points are outliers. 
 
4.4 Discussion 
Intercropping winter bean-wheat is uncommon, in part due to well-established and 
successful protocols for high-input sole crop agronomy (Fletcher et al., 2016), which is 
based on the widespread availability of ‘affordable’ N fertiliser and therefore the lack of 
need for legume-based fertility (Peoples et al., 2019). Climate change projections predict 
mild winters, summer droughts, and in general an unclear future (Rötter et al., 2018). There 
is therefore a need for more ‘tools’ and ways in which such unpredictability can be dealt 
with, encouraging the use of crops like winter faba bean in crop rotations. With agricultural 
policy advocating for high resource use efficiency and ecological intensification, such 
winter cereal-legume intercrops are likely to be part of our future agricultural landscapes 




4.4.1 Winter Wheat-bean intercrop performance 
This study clearly highlighted site-specific magnitudes of overyielding. While 
intercrops yielded higher compared to sole crops on both sites, the performance difference 
between the systems in Deppoldshausen was more than double that of Reinshof (Figure 2) 
- confirming hypothesis one and two of this study. Improved performance in marginal 
conditions can also be seen across various ecological-systems. Skinner et al. (2004), found 
the overyielding of grass-clover mixtures to decrease under favourable (weather) conditions 
compared to normal and dry conditions. Similar responses have also been found with forest 
species, where mixing species led to overyielding of 66 % on poor sites, 35 % on mediocre 
sites, and 12 % on fertile sites (Pretzsch, 2013). 
Quantification of the intercrop component contributions to total intercrop yield 
(Figure 3) showed that the highest yielding intercrop stands consisted of more wheat than 
faba bean. This was especially the case in Reinshof, which had higher amounts of soil water 
(Figure 8). While it is well-known that wheat performs well with high (comparatively) N 
supply (Jensen, 1996; Hauggaard-Nielsen et al., 2003), the two times higher mixture effect 
of the intercrop stands in Deppoldshausen was partly due to low sole wheat yields, and the 
comparatively high sole wheat yields in Reinshof (Figure 3). Faba beans were also limited 
by the soil water content in Deppoldshausen (Figure 9), which led to the development of 
‘weak bean plants’ that did not compete strongly with the wheat, therefore supporting wheat 
growth (Figure 4). Regardless of the mechanism, the highest total intercrop yields were 
dependent on the wheat component. Very clearly, the wheat variety with highest wheat only 
yields was responsible for the high yields of its intercrop stands (Figure 10 appendix). Wheat 
with lower wheat only intercrop yield allowed for a higher bean only intercrop yield, 
although this resulted in a lower total intercrop yield. In summary, the gain of bean only 
intercrop yield allowed due to a weaker wheat did not compensate for the loss of the wheat 
contribution. In other words, the intercrop stands with the highest bean only intercrop yields 
(Deppoldshausen: 3,967 kg ha-1; Reinshof: 4,479 kg ha-1 – means of top three highest total 
intercrop yields) were inferior to the intercrop stands with the highest wheat only intercrop 
yields (Deppoldshausen: 4,095 kg ha-1; Reinshof: 4,992 kg ha-1 – means of top three highest 
total intercrop yields) (Table 5, Figure 10 appendix). Note: this takes into account intercrop 
stands with any of the three wheat varieties. The larger difference between the above-
mentioned total intercrop yields between Deppoldshausen and Reinshof (4,095 kg ha-1 – 
3,967 kg ha-1 = 128 kg ha-1; 4,992 kg ha-1 – 4,479 kg ha-1 = 513 kg ha-1, respectively) can 
be attributed to the highest yielding wheat variety Ta3 that was better suited to the more 
fertile Reinshof site. All of the intercrop stands with the highest wheat only yields included 
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wheat variety Ta3, in both sites. Soil characteristics also dictated the extent to which faba 
bean traits such as LAI, plant height and lodging were expressed. The faba bean genotypes 
show that the northern European breeding material for winter faba beans is not domesticated 
and modern enough to limit biomass production under fertile conditions, such as sufficient 
water availability; this germplasm tends to exaggerate LAI, height and even lodging as 
environmental conditions allow. 
The higher performance of the intercrop stands compared to sole stands on the 
marginal site highlights an analogy between heterozygosity and the heterotic yield increase 
of a crop (such as maize) on one side and heterogeneity of an intercropped stand and 
overyielding on the other. It is well known that heterosis, the heterotic surplus of 
performance of a hybrid over the mean of its parental inbred lines, is more pronounced 
under marginal, stressful conditions. The hybrids tend to suffer less under stress than the 
inbred lines (Abdelmula et al., 1999; Einfeldt et al., 2005). The analogy holds in so far as 
the overyielding of the intercrops was higher in the marginal, less fertile site. Here, the 
function of overyielding due to intercropping is based around the increased variation 
(amount and time span) in use of limited resources, such as water (Figure 9). 
 
4.4.2 Traits characteristics, resource competition, and implications for breeding 
 Leaf area index and biomass values for faba beans showed that they are genetically 
not capable of reacting to site conditions in an agronomically desirable way (Figure 5). 
Figure 5 shows an LAI gradient across both sites, with low values in Deppoldshausen, 
continuing to higher values in Reinshof. Increases in LAI slightly reduced total intercrop 
yield in Deppoldshausen – albeit minimally – indicating that the LAI - for which faba bean 
was largely responsible - outcompeted wheat for light (Figure 6). Further development of 
the canopy led to no clear yield increases in Reinshof. Increases in LAI undoubtedly demand 
more resources, despite a lack of yield increments. Such patterns of trait expression are not 
only resource-inefficient, but they are unattractive for farmers who want grain yield, as the 
lack of predictability makes it difficult to plan. While a meta-analysis of arable crop 
production found that intercropping across several climatic zones can enhance yield stability 
compared to that of both respective sole crops, it also found stability to be site-specific 
(Raseduzzman and Jensen, 2017), which is in agreement with our findings. Moreover, 
genetic material improvement programmes emphasise the need to develop integrated and 
multidisciplinary research frameworks that assess optimum GxExM for current and 
projected scenarios (Palita et al., 2020). These therefore include site and soil (E), as well as 
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management aspects such as planting density (M), and must therefore be highly specific. 
Although cereal-grain legume intercropping is clearly beneficial, it cannot be used as a 
blanket solution. 
It is important to acknowledge the notion that although tall faba beans yielded on 
average higher than short faba beans, yield differences were minimal (Figure 7). Height per 
se was therefore not that important for high faba bean yields. Wheat, however, while it did 
not have to be tall itself, experienced yield reductions the shorter it was in comparison to 
the faba bean component as part of an intercrop stand. A similar trend was also found by 
Nelson et al. (2018), where sole cropped pearl millet yields (of a short cultivar) were lower 
when intercropped with an erect cowpea cultivar. Variation between intercrop and sole crop 
yields of the pearl millet cultivar used was higher at high compared to low density, i.e. 33 
and 17 plants per m2 respectively (Nelson et al., 2018). Figure 7 highlights the negative 
impact of a dominant legume well by showing that the lowest intercrop wheat yields were 
recorded in the second season when intercropped faba beans grew taller than the wheat, in 
particular in the more fertile site of Reinshof. Indeed, hypothesis three of this study was also 
confirmed, i.e. there was a genotype effect on the yield performance of the total crop stand, 
based on canopy development and functional traits. The highest yielding intercrop stands 
that were assessed in terms of their trait characteristics consisted of Vf2-Ta1. Not only was 
Vf2 consistently the shortest faba bean genotype, but in Reinshof in particular, the low 
height of the Vf2 faba bean enabled the wheat to yield 1,394 kg ha-1 in the second season, 
compared to the mean of the seven other intercropped wheat yields of 638 kg ha-1 (Figure 
7).  
Ultimately, lodging was a main driver of the difference between yield, and 
harvestable yield for winter faba bean genotypes in this experiment. Although Vf2 may have 
been part of the highest yielding intercrop combinations in the 2015-16 season, it was 
mainly due to the fact that these stands were the most harvestable, as they lodged the least 
(Figure 8). While Vf8 may well have produced more grain, it could not be collected by the 
combine harvester due to heavy lodging. Lodging score differences between faba bean 
genotypes, and the mechanically improved standing ability of the intercrop stands markedly 
influenced the yields of sole faba bean stands and, although to a lesser extent, the yield of 
the intercrop stands. These differences were expressed to a greater extent on the more fertile 
site of Reinshof. 
Appropriate faba bean genotype selection appears to be less important on marginal 
soils, as they do not support excessive biomass development that can lead to shading of 
wheat intercrops and overall stand lodging. On a fertile soil, like that of Reinshof, the use 
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of a shorter faba bean (low LAI, low plant height, low tendency to lodge) could ensure good 
bean and wheat intercrop yields (Figure 3). In the experiment presented, faba bean genotype 
Vf2 stood out as it expressed some of the lowest LAI values (Figure 5 & 6), and was the 
shortest (Figure 7). This genotype was also part of the highest ranked intercrop stands for 
total yield (bean+wheat) for both sites - although more so in Reinshof - regardless of the 
wheat variety it was intercropped with (Figure 3 & Table 3). Faba bean genotype Vf2 also 
lodged the least in all environments (seasons and sites) (data not shown). The second season 
(2015-16) experienced the most lodging, which led to a yield penalty for the taller beans, 
therefore favouring the shorter beans (Figure 7). This in turn influenced the yield means 
across all three seasons (Figure 2), and highlights the lack of faba bean biomass growth 
stability, and therefore a key challenge for breeders, and farmer adoption. 
 
4.4.3 Perspectives for winter bean-wheat intercropping 
While a lot has been achieved in faba bean breeding so far, i.e. non-shattering, less 
lodging genotypes (spring faba beans) (Link, 2009), the lodging in northern European 
winter bean genotypes, and the traits that contribute towards it, remain key traits that can 
negatively influence harvestable yield. An optimal scenario for winter bean-wheat 
intercropping could include a highly fertile site that is able to support high wheat and faba 
bean yields. However, this study showed that, as judged by the representative set of lines 
used (Table 1) and based on the standing breeders’ knowledge, northern European winter 
faba beans are not yet sophisticated enough to be grown in such environments and under 
the management implemented. Where water resources were plentiful, increases in biomass 
production were not followed by increases in yield, but instead these faba beans 
outcompeted the intercropped companion wheat for light, and increased the risk of lodging 
for the entire stand. The successful adoption of winter bean-wheat intercropping must be 
based on already well-established wheat varieties, such as those used in this experiment. 
Winter faba bean genotypes should therefore be bred to suit such modern wheat varieties, 
which have already been bred to be short, mainly to avoid lodging (Damisch and Wiberg, 
1991). Breeders could partly substitute breeding shorter faba beans with genotypes that 
lodge less due to other physiological traits, such as stiffer stems (Sass and Stelling, 1990). 
Simply breeding for shorter faba beans could lead to lower yields (Link and Stuetzel, 1995), 
due for example to a reduction in the photosynthetic capacity of a canopy (Peng et al., 2014). 
Although there is always likely to be some trade-off between yield performance and 
environmentally influenced stability, it is clearly important to synchronise and harmonise 
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genotypic expression with site fertility, especially with the current genetic material 
available. The linkage between modelling and field experimentation, an inherent part of the 
overarching IMPAC3 study set-up – within which this field experiment was conducted - 
can support breeding in this respect through ex ante analyses of GxExM interactions (Rötter 
et al., 2018). Winter hardy faba bean genotypes with high LAI and height with low lodging 
risk do not currently exist. Crop simulation models (CSM) however, can disentangle traits 
in silico, such as the lodging-LAI-height syndrome of faba bean, which can allow for better 
informed breeding.  
The application of site-specific knowledge could help farmers and society benefit 
from winter bean-wheat intercropping, through overyielding (Figure 2 and Table 2), higher 
grain legume production, leading to less reliance on imports, and increased short- and 
medium-term ecosystem services - higher Nmin content in the soil, as well as soil organic 
carbon levels (Hoffmann et al., 2020). A recent study estimated that the increased N use 
efficiency of intercropping could reduce fossil-based N fertiliser by about 26 % on a global 
scale (Jensen et al., 2020). This is in part due to the legumes being forced - due to 
competition from a cereal intercrop - to obtain more N through biological N fixation 
compared to when grown as a sole crop.  
Winter bean genotypes need to be genetically educated to resist excessive vegetative 
biomass growth even when conditions allow. The interim-term could see the utilisation of 
marginal soils as an efficient, site-specific approach to landscape use. Despite the challenges 
of growing winter faba bean shown through this study, winter bean-wheat intercropping 
proved a highly productive and resource efficient alternative to sole cropped faba bean and 
wheat on the marginal site of Deppoldshausen. Key is the thorough exploitation of GxExM 
interactions for intercrops, and landscape use that incorporates site-specificity, genotypic 
variation, and adequate farm management. Such an approach would likely increase the 
adoption of winter intercrops. As Peoples et al. (2019) argue, a thoughtful and thorough 
reintroduction of legumes into mechanised, temperate farms, through systems such as 
intercropping is needed. This must include all stakeholders, at least farmers, plant breeders, 
machinery suppliers, and consumers. While technical barriers and a poor perception of 
intercrop performance prevents farmer adoption (Lemken et al., 2017), such barriers could 





 While our study has shown that winter bean-wheat intercrop systems are higher 
yielding under low input management than sole crop equivalents, it also highlighted key 
traits that are required to ensure high-yielding intercrops. Limited leaf area index, canopy 
height, and lodging of faba bean are key traits for high performing intercrops. Considering 
the current available genotypes of winter faba bean, marginal sites are better cultivated with 
rather vigorous genotypes, while fertile sites require less vigorous ones. This strategy works 
to ensure good wheat yields as excessive faba bean biomass growth must not out complete 
wheat for light, or potentially lead to excessive lodging. Winter faba beans should in 
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Reinshof 2014-15 2014-10-28 2015-05-27 2015-08-10 
Deppoldshausen 2014-15 2014-10-29 2015-06-04 2015-08-20 
Reinshof 2015-16 2015-09-30 2016-05-23 2016-08-09 
Deppoldshausen 2015-16 2015-10-05 2016-06-06 2016-08-16 
Reinshof 2016-17 2016-10-06 2017-05-29 2017-08-09 
Deppoldshausen 2016-17 2016-10-11 2017-06-07 2017-08-17 
 
 
Table 5. Yield means across seasons for the intercrop stands with the three highest wheat only yields (from 
top to bottom), followed by the intercrop stands with the three highest bean only yields for each site. Yields 
are means of the four blocks.  Yields of each intercrop component (i.e., bean yield, wheat yield) are given 
separately, as well as total intercrop yield (bean+wheat yield). Results are ranked according to the yield of 
the focal crop. 
Site 
 






   ⸻⸻⸻⸻⸻⸻⸻ Mean (kg ha-1) ⸻⸻⸻⸻⸻⸻⸻ 
Deppoldshausen Wheat Vf2-Ta3 1848 2209 4057 
Deppoldshausen Wheat Vf1-Ta3 1976 2117 4092 
Deppoldshausen Wheat Vf5-Ta3 1991 2144 4135 
Deppoldshausen Wheat Mean  1938 2157 4095 
Reinshof Wheat Vf2-Ta3 1691 3633 5324 
Reinshof Wheat Vf1-Ta3 1872 3106 4977 
Reinshof Wheat Vf6-Ta3 1728 2945 4674 
Reinshof Wheat Mean 1764 3228 4992 
Deppoldshausen Bean Vf3-Ta2 2589 1474 4063 
Deppoldshausen Bean Vf7-Ta1 2583 1284 3867 
Deppoldshausen Bean Vf8-Ta2 2561 1411 3971 
Deppoldshausen Bean Mean 2578 1390 3967 
Reinshof Bean Vf7-Ta1 2853 1587 4440 
Reinshof Bean Vf3-Ta1 2786 1496 4282 
Reinshof Bean Vf3-Ta2 2707 2010 4716 






Figure 10. Bean only yield within intercrop stands and total intercrop (bean+wheat) yield (kg ha-1) for both 
sites, across all three seasons. Points represent the means of four blocks. While the eight faba bean genotypes 








Intercropping is perceived as a sustainable cropping practice to provide both high 
productivity and resource use efficiency. So far, however, literature mainly reports of case 
studies limited to few seasons or sites. However, the success of intercropping has been 
shown to depend on the site-specific exploitation of genotype by environment by 
management interaction (GxExM). Intercropping is constrained by several factors. While 
farmers are mainly interested in the cereal components of intercrop systems, which are 
typically planted as monocultures, they may be reluctant to sacrifice cereal production for 
‘companion crops’, such as legumes. The difficulties in planting and harvesting mixed crops 
and knowledge gaps in terms of management demands, such as fertiliser or fungicide input, 
need to be addressed. Moreover, it is clear that intercropping will only be adopted when 
niches are found in which they can demonstrate their benefits without to be too laborious. 
A comprehensive quantitative analysis that pin-points and identifies niches based on 
GxExM is lacking. This PhD study addresses this by investigating two field trials in 
different agro-ecological zones. The data collected as part of these trials has been used to 
evaluate the process-based model APSIM. 
 
5.1 Challenges of intercropping 
The complexity of intercropping systems makes them challenging to research. The 
cereal-legume intercrop systems investigated in this study consisted of two canopy layers, 
with the taller of the two capturing more of the direct solar radiation. While light 
interception was an important aspect of the intercrop systems studied, measuring it at 
various layers/ heights was not a core focus of the data collection, highlighting a knowledge 
gap that must be investigated. The assessment of root systems is also a factor that is rarely 
considered, due to the time and labour needed, as described by Streit et al. (2018). As 
discussed in chapter four of this thesis, genotype selection can also be crucial to the success 
of intercrop combinations, as well as basic management decisions such as the timing of 
sowing, i.e. whether crops that make up the intercrop system are sown simultaneously, or 
as relay crops, as was the case in Ngwira et al. (2012) where mucuna was sown six weeks 
after maize.  
An important part of intercropping is the concept of complimentary resource use, 
whereby different crops require resources, such as nutrients and water, at different times, 
known as the ‘mixing effect’ (Hof-Kautz and Rauber, 2003). Bedoussac and Justes (2010) 
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found the application of nitrogen only advantageous in winter wheat-pea systems after the 
pea had flowered, and that application before this hindered N2 fixation of the pea. Indeed, 
successful intercropping systems require a thorough understanding of such management 
aspects. Even for low-input smallholder farmers, the benefits of N2 fixation through 
monoculture legume integration are not straight forward and demand institutional support 
(van Vugt, Franke and Giller, 2018). While the issues that surround nutrient management 
could be simplified through the use of cereal-cereal intercropping (Li et al., 2006), it is clear 
that legumes need to be well integrated into agricultural systems the world over (Sennhenn 
et al., 2017; Watson et al., 2017; van Loon et al., 2018; Varshney et al., 2018) and should 
therefore play a key role in the development of future intercropping systems. 
As a system, intercropping presents some interesting challenges, especially in an 
international context. While many of these challenges can be translated directly, for 
example, from a low-input subsistence system in India to a large farm in Germany, such as 
cultivar choice and density for instance, some aspects of intercropping differ depending on 
the scenario. The increased use of mechanised practices in modern agriculture has led to a 
simplification of system components (Lithourgidis et al., 2011; Vandermeer et al., 1998). 
While low-input systems may not have harnessed such practices and may be subsistence 
based, they remain somewhat flexible. Those that cultivate with modern methods however 
may not be as open to new practices that demand further investment. Integrating legumes 
into a farming system is often met with some caution, as they are generally seen to be less 
financially profitable than cereals (Nemecek et al., 2008). With the added requirement and 
therefore expense of machinery that can simultaneously process multi-species stands, highly 
mechanised farms may prefer to import legumes (Nemecek et al., 2008; Watson et al., 
2017), unless legislation encourages otherwise (Randers, 2012). This has led to the 
development of integrated assessment frameworks that systematically evaluate sustainable 
development in agricultural landscapes. They incorporate environmental, economic, and 
social indicators, and highlight the notion that intercropping is not just a matter of biotic 
trade-offs (Sattler et al., 2010).  
It is well-known that projected global populations are set to increase, which will 
demand more food production via sustainable means (Tilman et al., 2002; Trnka et al., 
2014). As Alston, Beddow and Pardey (2009) show, the 1990s began to experience a clear 
slowing of yield progress compared to the 30 years that followed the green revolution. The 
challenges agriculture faces are clearly substantial and they must be met through the 
adoption of new ideas and technology. This in particular highlights why intercropping could 
become a modern, mechanised, and intensified system, not just converting marginal to 
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productive land, but through efforts to tackle the challenges discussed above. As Fletcher et 
al. (2017) argue, farmers and machinery manufacturers will find solutions to overcome the 
challenges, with the knowledge and lessons learned simultaneously extrapolated to low-
input systems. This highlights the importance of work such as that of Hajjarpoor et al. 
(2018), who through upscaling modelling exercises identify yield gaps that could evoke the 
attention of the related industries that can support related research and development.  
Our agricultural future lies in the culmination of marginal gains, which could consist 
of Global Positioning System (GPS) devices that allow for accurate inter-row sowing and 
management of multiple species – previously only manageable as part of the labour 
intensive systems of subsistence farmers (Robertson et al., 2016). Varshney et al. (2018) 
confirm the need for precision-based agronomy and use of intuitive computer-based 
applications. They emphasise the need to breed crops with certain systems and stakeholder 
demands in mind, as argued in chapter four, which found certain bean genotypes better 
suited to the intercropping system depending on site slection. This can also be seen in 
chapters two and three, which show a clear demand for sowing the cowpea intercrop later 
than the pearl millet to avoid it outcompeting the cereal. A major aspect of genetic gains 
discussed by Varshney et al. (2018) is the use of specific genetic material and timing certain 
production stages, and those of potential companion crops with resource availability. This 
is in particular where crop simulation models (CSM) can be of significant use. Moreover, 
research needs to develop a full and thorough understanding of intercrop systems and their 
various forms, which should be achieved through collaborative approaches (Varshney et al., 
2018; Reynolds et al., 2018; Rötter et al., 2018a). 
 
5.2 Modelling intercropping 
Intercropping systems are complex and can vary tremendously depending on the 
environment in which they are cultivated. Their potential to contribute towards sustainable 
food security means we must develop efficient ways of assessing potential production. 
While CSMs should certainly play a key role in such efforts, they need to evolve with 
research needs and developments, including a range of genetic and environmental scenarios 
(Fletcher et al., 2017; Rötter et al., 2018a). The detailed empirical data collected as part of 
this thesis, covering two very different agro-climate zones, exemplifies this and the 
approach needed to develop CSMs to be able to help shape sustainable food production 
systems, and in this instance, offer key insights to multispecies systems and resource 
competition. Indeed, chapter three showed how model simulation performance declined 
with increased water supply. Simulations were more accurate under water stress, supporting 
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the work of Rötter et al. (2018a) who report the majority of related work to focus on drought. 
Moreover, these insights need to be robust enough to be independent of environmental 
factors, highlighting the uniqueness of this thesis as key to future work. 
Despite the merits of intercropping, it is yet to be fully understood. Various authors 
have highlighted the complexity that comes with multispecies cultivation, emphasising the 
notion that intercropping is highly site specific (chapter four), and dependent on 
environmental and socio-economic conditions (Li et al., 2006; Nelson et al., 2018). While 
general trends need to be established for framework development, a site- and scenario-
specific approach to intercrop management is needed (Varshney et al., 2018), and while 
traditional experimentation is not sufficient alone, CSM could provide valuable information 
for plant breeders and farmers, as well as guiding research objectives and areas of 
improvement (Casadebaig et al., 2016; He et al., 2017; Akinseye et al., 2017). A recent in-
depth review by Rötter et al. (2018a) emphasised the need for CSMs to broaden their scope 
in terms of the crops and environmental scenarios they address, as well as being used in 
close collaboration with empirical studies. A review of empirical studies on the effects of 
specific weather extremes found the majority of peer reviewed research to focus on three 
staple crops, wheat (32%), maize (22%), and rice (18%); almost three quarters of all 
publications (Rötter et al., 2018a). When looking at CSM studies, this figure rose to 89% 
for the same three crops (Rötter et al., 2018a). 
Empirical intercropping studies that utilise crop models are rare, and while previous 
investigations have certainly contributed to the development of intercrop models (Tusbo et 
al., 2005; Brisson, et al., 2004), the topic failed to gather momentum in the past. Interest in 
intercropping has recently developed due to the need for increased agricultural productivity 
via sustainable means (Tilman et al., 2002; Trnka et al., 2014), as well as the advances made 
in CSMs in general. As an example of recent work, Chimonoya et al. (2016) assessed 
APSIM performance in simulating sorghum-cowpea intercropping systems in South Africa. 
While they looked at key management options, such as planting date and fertiliser 
application in relation to yield performance for several sites, detailed physiological 
information was missing. Brisson et al. (2004) highlighted light interception and root 
dynamics as key to intercrop model development, and chapters three and four of this thesis 
clearly support this, as well as demonstrating the importance of leaf and canopy dynamics. 
Moreover, detailed empirical data is needed to help understand complex systems like 
intercropping and develop the necessary tools (e.g. CSMs, model frameworks) to counter 




5.3 Field experimentation for crop model improvement 
Despite the scarcity of intercrop modelling studies, lessons can be learned from other 
modelling exercises. In an extensive review by Rötter et al. (2018a) very few studies were 
found to have investigated frost in terms of climate extremes, with most research having 
focused on drought scenarios. Insights from section 5.4 of this general discussion confirm 
the intricacies of CSM with extreme cold. In addition, chapter three identifies a knowledge 
gap in terms of modelling well irrigated crops under high temperatures. In a more region- 
and model-specific study, Gaydon et al. (2017) found APSIM to simulate rice production 
in several Asian sites well for certain parameters, with room for improvement for others. 
While APSIM was deemed a useful tool for Asian cropping systems research, conclusions 
also encouraged empirical research to investigate harsh environments (Gaydon et al., 2017).  
This thesis addresses drought to some extent in both of its study sites, India and 
Germany. While the semi-arid conditions of India may be seen as the more obvious example 
of drought related research, the motivation behind the cultivation of winter crops in 
Germany is partly based on climate buffering (Olesen et al., 2011) and the avoidance of 
short-season spring sown crops - potentially at threat from erratic and variable spring-
summer conditions. Drought scenarios are also relative to their surrounding environments, 
which highlights the Deppoldshausen site, with its far shallower soil than that of Reinshof, 
as a potentially drought-prone location. In relation to below-ground biomass, section ‘5.4 
Winter bean case study’ confirms the need for the documentation of pre-overwintering plant 
physiology as crucial to fully understanding this system, as well as the level of snow cover 
through extremely cold (definition being crop dependent) periods of the season. As 
discussed in chapter four, the lodging events that occurred in the summer of 2016 highlight 
an additional aspect of experimentation that could be integrated into CSMs, as it can heavily 
impact the yield of certain crops (Peake et al., 2014; Vera et al., 2012). This case study is a 
prime example of how experimentation can be guided by CSMs as well as highlighting the 
level of detail required to fully understand crop production systems.  
The use of CSMs to fully comprehend such systems forces researchers to think 
differently and ask questions that may not have been posed before. Trnka et al. (2014) 
conducted simulation experiments that not only highlighted the potentially negative impacts 
of multiple climate-based stresses on European wheat production, but the importance of 
developing diverse wheat varieties capable of coping with region- and season-specific 
threats. This emphasises the relevance of site-specific and precision agriculture for future 
production systems, as well as how CSMs highlight research gaps and how empirical 
experimentation can be guided by model generated hypotheses. The relevance of site-
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specific, precision agriculture is emphasised by Robertson et al. (2016) in a detailed 
assessment on Australian wheat yield improvement. The authors highlight the importance 
of syncing cultivation sites with appropriate agronomy (including new technology) x 
genetic interactions, whereby, for example, plant growth stages match climate windows that 
in turn minimise crop damage through the avoidance of temperature extremes. Such an 
approach is also reiterated by a recent review on accelerating genetic gains in legumes by 
Varshney et al. (2018). 
While experimentation can be financially and time demanding, it can be made more 
goal-oriented and therefore efficient when combined with CSMs. It is strongly argued that 
model performance is equally dependent on the accuracy of empirical, data (Whitbread et 
al., 2018), so thorough and high quality data is a pre-requisite to CSM advancement 
(Carberry et al., 2009; Thornton et al., 2011).  
Although CSMs have experienced great success within the last decade, their 
attention needs to broaden in terms of the crops, systems, and environments they capture. 
The combination of the two, empirical experimentation and CSMs, has the potential to fill 
knowledge gaps and streamline agricultural systems of the future (Keating et al., 2010). To 
add depth and completeness to this thesis and discussion, the following section will assess 
APSIM simulations of the experimental data presented in chapter four of this thesis. 
 
5.4 Winter bean case study: modelling winter faba bean in northern Germany – initial 
challenges and perspectives  
5.4.1 Introduction 
The application of crop modelling is a tool to explore GxMxE interactions at various 
scales (Reynolds et al., 2018). While the majority of work is done testing and developing 
crop models, this short study presents some of the testing. Although preliminary, this helps 
to show the process of systematic investigation required for crop modelling studies. There 
are many interactions and variables that can be changed in a model framework such as 
APSIM and it is important to understand these aspects in order to guide adjustments 
efficiently. The green revolution largely aimed to maximise genotype output and modify 
the environment via management techniques, such as irrigation and fertiliser. While these 
strategies have been very productive in terms of yields, they do not necessarily focus on 
resource use efficiency, hence the call for renewed systems that are more eco-efficient 
(Keating et al., 2010). There is however a shift to improving the genotype and matching the 
environment and management (Varshney et al., 2018). 
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Based on the field trial presented in chapter four of this thesis, this brief case study 
looks at the simulation of winter faba bean as a sole crop, as an initial attempt to understand 
the physiology of the crop and its interactions between trait expression and environment. 
To narrow down our investigation, we focus here on one bean genotype in order to hone in 
on and uncover these relationships. Little information is available for systems sown in 
autumn (Bedoussac and Justes, 2010), such as winter faba bean. Link (2010) describes how 
a major risk for autumn-sown crops is winter kill, although some success has been seen in 
winter-hardy faba bean germplasm (Arbaoui and Link, 2007; Flores et al., 2012; Landry et 
al., 2015; Landry et al., 2016). With this in mind, the field trial alone is clearly a unique 
experiment, enhanced through the use of APSIM.  
The development of APSIM has had a strong focus on global drylands (Akinseye et 
al., 2017; Hoffmann et al., 2018; Whitbread et al., 2018), with limited work in temperate 
regions. However, the susceptibility of many legume crops to drought, combined with the 
predicted increases in climate variability (Rötter et al., 2015) has amplified the interest in 
winter sown crops. Climate buffering capabilities and more advanced biomass growth 
highlight the need to fully understand these systems. An improved understanding could help 
the much needed increase of intercropping attractiveness for farmers (Lemken et al., 2017). 
  
5.4.2 Materials and methods 
Site conditions, field experiment and sampling details can be found in the ‘Materials 
and methods’ section of chapter four. To run APSIM (Version 7.7), weather data was 
recorded and used as input for simulations (Holzworth et al., 2014). The same was done for 
the relevant soil parameter sections - data taken from soil profiles, as documented in chapter 
four (Table 1). The ILB1814 faba bean cultivar was chosen from the APSIM database and 
adapted in terms of phenological parameterisation within reasonable ranges to avoid 
overfitting the model.  
 
5.4.3 Preliminary results and discussion 
Initial observations were striking, in that all crops in the 2015-16 season died in 
January 2016. This was explained by an extreme cold event that occurred with minimum 
temperatures reaching -20°C (Figure 1). As shown in chapter four, crop death did not occur 
in reality despite the extreme cold. This acts as an example of how CSM assists in the 
understanding of system functions. One idea was to simulate the influence snow cover had 
on crop stands, as a potential parameter that was not measured but could have helped crops 
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survive extreme cold through its ability to insulate what lies beneath it. Figure 1 shows the 
implementation of a simple snow cover model developed by Trnka et al. (2010) called 
‘snowMAUS’, which was tested on around 60 sites throughout Austria at varying altitudes. 
The model was developed for crop modellers and so requires little weather data input, using 
only maximum and minimum temperature and precipitation (Trnka et al., 2010). This was 
based on the premise that even when the air temperature above 0.5 metres of thick snow 
cover reaches below -30°C, the temperature of the soil surface will remain above -10°C, 
which is known to limit crop damage but assist the survival of soil-based pests and diseases 
(Lamb et al., 1985). As shown in Figure 1, snowMAUS developed around 1.5 cm of snow 
cover simultaneous to the extreme cold event. This led to the survival of all crops as 
illustrated in Figure 2.   
 
 
Figure 1. APSIM weather output from October 2015 to the end of July 2016 in Reinshof. Maximum and 
minimum temperatures (°C) are shown with grey and blue lines, respectively, and use the left y-axis. The black 




Figure 2. Grain yield (kg ha-1) of winter bean genotype A2 grown as a sole crop for all three seasons and both 
sites. Grey bars represent the observed yields, and the blue the yields simulated by APSIM. Annotations 
highlight events that are of interest and importance to the results shown. 
Figure 2 shows the grain yields (kg ha-1) of the observed (grey) and simulated (blue) 
data for each of the three seasons and both IMPAC3 experimental field sites, focusing on 
the Vf2 (S_062) winter bean genotype. Although the original APSIM output experienced 
death for all crops in the 2015-16 season, the implementation of snowMAUS (Trnka et al., 
2010), and subsequent development of insulating snow cover (Figure 1) evidently enabled 
crops to survive the harsh winter. Although chapter four highlights yield reducing lodging 
events in 2015-16, it must be noted that the genotype studied here was the one bean genotype 
that suffered the least from lodging (chapter four). As APSIM does not simulate lodging, 
the observed versus simulated yields in Figure 2 are therefore justifiable. Observed values 
in Deppoldshausen, 2016-17 were lower than those simulated by APSIM, due, according to 
field notes taken throughout the trial, to heavy weed infestations. This highlights the synergy 
and symbiotic relationship between CSM and empirical data, as both offer different, but key 





Figure 3. Leaf area index values of winter bean genotype Vf2 (S_062) grown as a sole crop for all three 
seasons and both sites. Grey points and error bars represent the observed yields, and the blue lines the LAI 
values simulated by APSIM over time, from April to mid-July of each season.  
Figure 3 helps to understand the development of above-ground biomass over time 
and highlight key differences between seasons, in turn, guiding the next steps of this 
analysis. While simulated LAI development tends to fit most seasons and sites, observations 
are a great deal higher in Reinshof in the 2015-16 season (Figure 3). Simulated model output 
can help to investigate the cause of this yield-gap, uncovering aspects of this system that 
need to be considered for future experiments. 
 
5.4.4 Concluding remarks 
This case study demonstrates the need for a systems approach in order to fully 
comprehend empirical and CSM results and highlights practical examples of the symbiosis 
involved. While Reynolds et al. (2018) stress the importance of retaining simplicity in crop 
modelling, the outcome of this brief exercise promotes the documentation of simple but 
important aspects of field experimentation. The use of the simple snow cover model from 
Trnka et al. (2010) is also in-line with the recommendation of Reynolds et al. (2018) in 
retaining simplicity. Parameters to look at in the future are snow cover, lodging frequency 
and severity, and perhaps the early development of below- and above-ground biomass. 
Hypotheses would suggest the more developed the biomass before the overwintering period, 
the more at risk plants are of growing too tall and large in the spring season, leading to a 
higher chance of lodging. Model parameterisation could also be improved in terms of the 
insulating effects of snow cover through conducting frost chamber pot experiments. 
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5.5 Future crop model applications in intercropping  
The APSIM model was designed for farming systems, developed to simulate 
biophysical processes in particular related to climatic risk (Keating et al., 2003). While 
CSMs remain largely within research communities, the APSIM group continues to push for 
practical implementation, which is strongly linked to farmers and participatory research, as 
well as Australian agricultural production (Carberry et al., 2009; Dalgliesh, Foale and 
McCown, 2009; Hochman et al., 2009; McCown et al., 2009). A recent review on 
accelerating genetic gains in legumes for the development of smallholder agriculture 
emphasises the importance of such holistic approaches (Varshney et al., 2018). 
The use of CSMs for plant breeding through ideotyping demonstrates their power 
and usefulness (Semenov et al., 2014; Rötter et al., 2015), and is something plant breeding 
programmes increasingly recognise as key to enhancing the efficiency of crop improvement 
programmes (Holzworth et al., 2015). An example of this in practice is seen in APSIM-
Canola, whereby Lilley et al. (2018) searched for the optimal start of flowering (OSF) 
considering the climatic stress factors frost, heat, and drought. Motivation came from a 
combination of observed and simulated yield data that suggested Australian canola 
production only achieved 50% of its potential (Lilley et al., 2018). The use of on-farm data 
and experimental trials, including detailed phenology measurements, led to improvements 
in the APSIM-Canola module, which was then used to simulate and test innovative 
strategies (Lilley et al., 2018). This process has resulted in the development of optimal 
management strategies that include cultivar choice, fertiliser applications, sowing dates and 
densities, and overall risk reduction (Lilley et al., 2018). This is of particular importance to 
crop industries such as the one that surrounds canola due to the fast turn-around of cultivars, 
as well as its economic importance (Lilley et al., 2018).  
While the development of robust agricultural systems is imperative, relevance and 
the integration of research outcomes is key. The importance of connecting empirical 
experiments with modelling has been discussed, but this connection should also be 
incorporated into frameworks that consider and guide CSMs. Gaydon et al. (2017) highlight 
several farming practices that could be empirically investigated in order to improve APSIM, 
as do the studies presented in this thesis (chapter two; 5.4 of general discussion). However, 
the importance or relevance of cropping systems is often dependent on institutional and 
traditional economic and social policies, as well as infrastructure (local and further afield) 
(Keating et al., 2010), again, highlighting the relevance of holistic approaches to such 
multifaceted questions (Varshney, et al., 2018). An example of a highly relevant simulation 
study can be seen in Hajjarpoor et al. (2018), who explore the yield-gaps of Indian chickpea 
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cropping systems. Such scaling studies can be challenging, especially when conducted 
across agro-climatic zones (Ewert et al., 2011), but could act as a robust testing method if 
intercropping was investigated in the same way.  
Cropping systems assessment frameworks have been developed for various 
purposes, such as integrating legumes into cropping rotations (Reckling et al., 2016), or 
other agricultural production practices (Sattler et al., 2010). These can, but do not 
exclusively, include ecological (abiotic and biotic), economic (gross margin), and social 
(implementation acceptance) aspects. A key premise behind such frameworks is the 
importance of developing environmentally sustainable options without ignoring the needs 
of farmers (Sattler et al., 2010; Webber et al., 2014). With this in mind, as well as the above-
described need for detailed and thorough empirical data, the future of agricultural systems 
and related research (including intercropping) calls for collaboration across and within 
multiple disciplines.  
 
5.6 Challenges of developing a modelling framework for intercropping across agro-
climatic zones 
Although there has been a great deal of CSM applications over the past decade, less 
emphasis has been put on their improvement (Holzworth et al., 2015), perhaps in part, due 
to debates over how complex they should be, and uncertainties over collaborative data use. 
Holzworth et al. (2015) raise the notion that CSMs have become agricultural models that 
incorporate a plethora of environmental topics spanning multiple disciplines, but a great 
deal remains to be improved, including the integration of specialty crops (Holzworth et al., 
2015) and systems, such as intercropping and the crops studied in this thesis (except for 
wheat). This is indeed reiterated in the conclusions of Rötter et al. (2018b), who emphasise 
the progress made for three key cereal crops, wheat, maize, and rice. Rötter et al. (2018b) 
go on to stress the importance of improving the mechanistic understanding of the 
environment on plant growth in order to improve CMSs. This thesis discusses the relevance 
of intercropping and the use of CSMs for two very different case studies. Trends uncovered 
in these two experiments, especially with the drastically different climate scenarios they 
encapsulate, could provide reliable parameters on which to base an intercropping model 
framework. A framework that addresses intercropping as a system, applicable regardless of 
environment could streamline intercropping research and increase its efficiency. This would 
undoubtedly be directly transferable to practical applications, such as upscaling 
experimental findings, and enable intercropping systems to be more agile and risk reducing.  
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Kahiluoto et al. (2014) describe how many CSMs are capable of simulating various 
bio-physical variables, and that they could be used to substantiate general statements 
concerning the development of resilience. The authors call for the definition of system 
boundaries and key variables that influence system resilience. The development of such 
boundaries is certainly a challenge, especially when considering socio-economic variables 
(Kahiluoto et al., 2014), such as the availability of certain resources, be it financially or 
land- or time-based for instance. Morton (2007) proposed a framework to study the impacts 
of climate change on smallholder systems. As an example, this sought to recognise their 
complexity and high location-specificity and incorporate key stressors on rural livelihoods 
that affect smallholder crops and animals at the levels of individual fields, bio-physical 
processes affecting production at a landscape, watershed or community level, as well as the 
impacts of climate change on human health and livelihoods. Indeed, Webber et al. (2014) 
state that modellers must be aware that not all technologies are available to all farmers, 
highlighting the importance of definition and specificity. This is echoed by Rötter et al. 
(2018b), who stress the need to integrate economic models in order to better reflect and 
understand production systems.  
While a broad and holistic approach to systems development is clearly the way 
forward, this thesis is only able to look at biotic interactions in intercrop systems. As Savary 
et al. (2018) discuss, the aim here may be to be as simple as possible, which was their 
approach in the recently published article investigating the complex topic of modelling plant 
heath in relation to pests and diseases. This is also in-line with the conclusions of Reynolds 
et al. (2018), who emphasise the importance of model simplicity. The description of initial 
frameworks by Webber et al. (2014) is therefore fitting, who describe them as tools to help 
build research and management capacity, and provide a scientific scaffolding on which to 
unify scientists and stakeholders and inform land use decisions.  
Based on the evidence presented and discussed in thesis, the need for a thorough and 
comprehensive understanding of intercropping systems is certainly justified, and therefore 
the development of an intercrop model framework. As Huth et al. (2014) state, modern 
modelling frameworks enable rapid model development for new agricultural systems, 
highlighting framework formation as a key method for the progression of intercropping as 
a topic and risk reducing strategy. Unique to this study is not only the detail at which the 
field experiments were conducted, but also the combination of two differing environments, 
semi-arid (India) and temperate (Germany). This offers the opportunity to investigate 
resource-based drivers, in terms of capture and or efficiency, for intercropping systems 
across agro-climatic zones, which is something that is demanded by the systems and CSM 
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communities (Rötter et al., 2018a). Once a robust framework has been built, it can be 
integrated into larger, landscape-scale frameworks, incorporating the above-mentioned 
holistic approaches to tackle the most pressing food security and resource use efficiency 
questions. 
Based on our findings (Table 1), an intercrop model framework must: 
1. recognise the complexity and high environmental-specificity of intercropping 
systems, related to density, sowing date, pest, disease, weed, nutrient, and 
irrigation management, as well as genotype variation; 
2. incorporate resource competition drivers for space and light, i.e. canopy 
architecture and implications for light interception and competition; below-
ground competition for water and nutrients closely related to rooting 
characteristics as well as field-derived soil water parameters; 
3. study various climate change impacts separately and combined, such as drought 
x heat stress, or drought x heavy rain as examples (for more information on 
multiple stress interactions, see Rötter et al., 2018a); 
4. incorporate simple models that aide extreme environment simulations (Trnka et 
al., 2010). 
 






Table 1. Thesis highlights for intercrop model framework development, research needs and limitations. 
Related 
chapter 
Key findings Outlook and research needs Limitations 
Chapter 
one 




Test broad selection of genetic 
material, climate extremes and 




resilience needs at a 
site-specific scale 
Intercropping did 
not improve yield 
productivity 
Test various intercrop 
companion sowing dates, and 













Further calibrate extreme 
scenarios; Measure soil water 
dynamics and root exploration 
patterns to determine how 
various species exploit 
available soil nutrients and 
water  
Field-derived soil data 
collection is time 
demanding, therefore it 
is vital to identify the 
key parameters needed 
Plant height and 
leaf dynamics are 
crucial 
Measure heights and LAI 




and time demanding. A 
strategic data-
acquisition plan is 
required as part of 
experimental design at 
all levels 
Expand length of season 
captured for biomass 
development (early and late 







Measure heights and LAI 
values for both intercrop 
canopies 
Development of time 
efficient methodology 
that encapsulates 
multiple elements of 
canopy architecture  Measure horizontal canopy 
spread 
Lodging is a key 
risk to winter crops 
under high yielding 
conditions 
Continue documentation of 







specificity is crucial 
Document ‘niche climate 





As Lüdeling et al. (2016) highlight, key decisions in modelling investigations 
revolve around which basic processes to retain, and which to ignore. Key to their 
conclusions is the wide-reaching accessibility of model frameworks, as this could expand 
related communities, collaboration, and development (Lüdeling et al., 2016). To identify 
these processes, functional relationships should be identified, which can be pinpointed 
through sensitivity analyses (Baudron et al., 2015). This could be combined with the 
development of a conceptual model based on known processes (Muetzelfeldt and Sinclair, 
1993). While the above-mentioned methods are valid, the results presented in this thesis 
proved APSIM’s ability to capture the interactions of both intercropping systems with a 
decent level of accuracy and efficiency (chapter three). With this in mind, an advanced 
intercrop model framework would be better achieved through identifying and adding the 
major lessons learned from such detailed intercrop data sets, so that these can enhance the 
suitability of crop model frameworks in simulating intercropping. Recent research that has 
made significant advancements on this topic can be seen in the Bispecific Intercrop System 
WATer Stress dynamic model (BISWAT), a low-data demanding water balance model 
designed to simulate multi-crop stand dynamics for a range of agro-ecosystems under 
various conditions (Bertrand et al., 2018). The authors discuss how the lack of data used, 
which consisted of five contrasting sites, was indeed a drawback that may lead to uncertain 
representations of processes of minor importance for the situations tested, but may be key 
for certain scenarios (Bertrand et al., 2018). This highlights the need to first develop an 
extensive data base covering various crops, genotypes, management strategies (e.g. 
densities), and environments for the development of a robust and practical intercrop model 
framework. Bertrand et al. (2018) also stressed the importance of reliable, empirical data, 
particularly related to soil water, which supports the field work conducted as part of this 
thesis (chapter two and four). 
Essentially, such a model framework must incorporate the drivers behind the 
definitions of ‘intercrop success’, which certainly needs to be clearly defined for each 
scenario. This highlights the need for social and economic model incorporation, or ‘linking’, 
as ‘intercrop success’ can be dictated and defined by natural, economic, or social demands, 
as well as a combination of them. The identification of these drivers helps answer a key 
question for intercropping research: under what conditions is intercropping risk reducing or 
enhancing?  
The results of this thesis highlight two highly influential phenological aspects upon 
which an intercrop model framework can be based, namely canopy height, and LAI, 
encapsulated in terms of resource use efficiency as radiation capture. Not only are these 
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parameters directly linked to risks such as lodging, but their timing and extent of expression 
dictate the dominance of the intercrop components. This dominance, in turn, can decide 
whether the intercrop combination is ‘successful’ or not, which is, as discussed, reliant on 
factors that are external to biological interactions alone.  
 
5.7 Conclusions 
An initial objective of this thesis aimed to develop our understanding of GxExM 
interactions of intercrop systems. This would in turn lead to the ability to determine which 
conditions enhance intercrop yield productivity, and under which conditions is 
intercropping more resource use efficient. To investigate this, two intercrop experiments 
were analysed (chapters two and four), which consisted of detailed data that encompassed 
typical agronomic aspects such as yield, as well as soil profiles, site-specific climate data, 
and thorough physiological measurements. This study is somewhat unique, as it attempts to 
compare a semi-arid (chapter two) and a temperate environment (chapter four).  
Through the results of the two experiments, it becomes clear that competition for 
light is a key resource battle that intercrop companions endure, regardless of environment 
or specie. This conclusion is supported by the modelling experiment presented in chapter 
three, which showed how pearl millet and total intercrop yields increased when the cereal 
was taller than the companion legume intercrop. Field trial observations from chapter four’s 
temperate winter bean-wheat intercrop system emulated the simulation study findings from 
chapter three, i.e. that total intercrop yield was driven by the cereal, which must be 
intercropped with a legume that allows it to dominate the canopy and light capture. 
Additional ‘niche measurements’ specific to intercrop canopies are key for future 
investigations and the development GxExM specific intercrop systems. These aim to 
capture the differences between intercrop component heights and the level of shade cast 
from the taller to the shorter component, as well as horizontal light competition, especially 
at early stages of growth.  
In addition, this thesis highlights the difficulty of simulating climate extremes, 
exemplified by the long, winter inclusive season of the German field trial. While APSIM 
certainly proved reliable for intercrop modelling, the India field-data was easier to simulate, 
due to the overwintering period and the overall season length of the German experiment 
(chapter four). Despite this, it is reassuring to report on the success of pragmatic 
interventions, such as modelling snow cover with basic climate data to overcome this hurdle 
(5.4 of general discussion). Linked to this is an aspect detailed systems research demands, 
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which is the importance of plant development stage timing for resource use efficiency, as 
well as thorough documentation of plant growth stages. 
The final chapter discusses how chapters two, three and four contribute to the need 
to investigate the interrelations between using field experimentations to improve CSMs, and 
CSMs for the identification, definition, and development of field trial design. Intercropping 
research should follow suit in order to be relevant for global agendas, which is pressing due 
to a renewed interest in the potential of these systems. The future of this area of research 
must streamline its complexities and incorporate the impacts of various, and perhaps 
simultaneous environmental and economic influences. A holistic framework is called for, 
meaning open collaboration, for example knowledge sharing, including the provision of 
feedback between farmers, natural, economic, and social scientists, as well as an aim to 
realise a robust understanding of multispecies systems for practical applications.   
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Intercropping has long been a key crop production strategy for low input farming 
systems, such as those of smallholders, and organic farmers, where two or more crops are 
used to allow for the complementary use of resources, such as light, water, and nutrients. 
Although some intercropping systems have shown success, our understanding of them is 
not fully complete. The increasing need to utilise ecosystem resources as efficiently as 
possible demands a more comprehensive understanding, in particular as large-scale, high 
production farming systems begin to show interest in mixed specie crop production. A more 
site-specific approach is required, which looks at management aspects, such as planting 
practices, fertiliser and irrigation use, soil type, weather conditions, and cultivar choice. This 
thesis looks at cereal-legume row intercropping with very different management and 
environmental conditions in India and Germany. A major challenge with intercropping 
research is to efficiently investigate all potential scenarios using traditional experimentation. 
Process-based agro-ecosystem modelling is explored and used to conduct virtual 
experiments using the crop simulation model (CSM) APSIM. The general discussion 
develops overall conclusions for intercropping strategies and the scope of their future use.   
Chapters two and three are based on the use of intercropping as part of a climate 
resilient, risk reducing cropping strategy in semi-arid regions. As there is little knowledge 
of how and to what extent intercropping can be a viable option under future conditions, a 
field experiment in the dry season offered an opportunity to test this system under extreme 
but real-world conditions. Consequently, a field trial was run in semi-arid India over a two-
year period (2015 and 2016) in the dry and hot (summer) season. These trials were set up 
as a split-split-plot experiment with four replicates to assess the performance of 
simultaneously sown sole versus intercropped stands of pearl millet and cowpea, with two 
densities (30 cm and 60 cm spacing between rows - both with 10 cm spacing within rows), 
and three drip irrigation treatments (severe stress, partial stress, and well-watered). Results 
showed that intercropping pearl millet led to a significantly lower total grain yield in 
comparison to the sole equivalent. Pearl millet’s highest yields were 1,350 kg/ha when 
intercropped and 2,970 kg/ha when grown as a sole crop; for cowpea, 990 kg/ha when 
intercropped, and 1,150 kg/ha as a sole crop. Interestingly, even when maximum daily 
temperatures reached up to 42.2 °C (julian day 112 in 2016), well-watered, pearl millet 
produced reasonable yields. We conclude that sole as opposed to intercropping systems 
could be a more efficient and therefore suitable practice under similar temperature regimes. 
However, more research would be needed to identify a suitable cowpea genotype and 
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planting density that could allow for higher intercropped pearl millet yields. Clearly, despite 
the bulk of the literature promoting the benefits of intercropping, the system per se is not a 
‘silver bullet’ solution to agricultural production and sustainability needs. 
We believe it is important to link such detailed experimental data with models to 
help reveal the mechanistic processes beneath system performance. This third chapter 
illustrates this approach using the data presented in chapter two, which was tested against 
APSIM simulations. After rigorous model calibration and validation, simulation 
experiments evaluated the manipulation of genetic traits, such as maximum plant height, i.e. 
‘ideotyping’. The model showed distinct interactions and our approach the ability to 
highlight insights into intercropping systems. For the pearl millet-cowpea intercrop 
simulations, the cereal was the driver of total intercrop yield. To achieve this, the cereal 
intercrop component had to be taller than the cowpea. 
Chapter four of this thesis looked at a mechanised system using intercrop 
combinations of eight winter faba bean genotypes and three winter wheat varieties on two 
sites in temperate central Germany. Intercropping was higher yielding than sole crop 
equivalents, especially on the more marginal site and soil. Limited leaf area index and 
canopy height of faba bean are key traits for high yielding winter bean-wheat intercrops. 
Based on the genetic material used in this experiment, marginal sites are better cultivated 
with vigorous genotypes, while fertile sites require less vigorous ones. Mirrored in the 
simluation experiment of chapter three, this strategy works to ensure good cereal yields as 
excessive legume biomass growth must not out compete the cereal for light. Winter faba 
beans in particular should be bred to restrain from excess vegetative biomass development 
under more fertile conditions. 
While intercropping can play a role in robust food production systems, further 
experimentation is needed to help design specific GxExM combinations of intercrop 
systems. This thesis finishes with a detailed discussion that looks not only into findings and 
discussion points of the core chapters, but also some of the challenges and ways forward for 
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